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This thesis examines the Urban Heat Island (UHI) in the tropical city-state of 
Singapore. The primary objective is the documentation of temporal dynamics of the 
UHI. Climate variables are measured over different landuse types (e.g. commercial, 
CBD, high-rise and low-rise residential) for one year and compared with observations 
over a rural area. This data is analysed over diurnal and seasonal periods and 
compared with temperate and tropical city UHI studies. The secondary objective 
evaluates the impact of moisture (i.e. humidity, precipitation intensity and location, 
and soil moisture) on UHI intensity and dynamics. Results indicate that diurnal and 
seasonal variations in peak UHI intensity exist, with highest magnitudes of mean and 
maximum UHI documented during the dry southwest monsoon season. Limited 
impact of vapour pressure on heat island intensity is noted, but variations in 
precipitation intensity and location are seen to alter UHI intensity and dynamics.   
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Until recently, research into the Urban Heat Island (UHI) phenomenon has been 
primarily focused on cities located in temperate climates. In contrast, there has been 
hitherto little interest in examining tropical cities UHIs. With many tropical cities 
undergoing rapid urbanization, knowledge of this aspect of the urban climate 
modification is essential to mitigate potential climate-related problems in urban 
environments.  
 
This thesis examines the UHI in the city-state of Singapore, and is one of the first 
systematic studies of temperature and humidity distributions of a tropical city. The 
primary objective of this paper is the documentation of the temporal dynamics of the 
UHI for a period of one year. Climate variables are measured in different landuse 
types (e.g. commercial, CBD, high-rise and low-rise residential) and compared with 
observations taken at a rural area of predominantly secondary rainforest. This data is 
analysed over diurnal and seasonal periods and compared with results from temperate 
and other tropical UHI studies. The secondary objective is to evaluate impacts of 
moisture on UHI intensity and dynamics. This is done via analysis of vapour pressure 
(i.e. Urban Moisture Excess or UME), and by relating precipitation intensity and 
location impacts on the UHI, which is a method not attempted in previous UHI 
studies.  
 
Results indicate that there are significant differences in the magnitude and timing of 
peak UHI in Singapore compared with work done in other temperate and tropical 
cities. Maximum nocturnal UHI observed was approximately 7 ˚C at 2100 hours 
Local Apparent Time under clear and calm conditions. There are two peaks observed 
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in mean diurnal UHI intensity – a large peak documented 1 – 2 hours after sunset and 
a smaller peak at sunrise. Seasonal differences exist in observed UHI magnitudes, 
with highest mean UHI intensities being observed during the Southwest Monsoon 
period from May – August, and lowest mean UHI intensities documented during the 
Northeast Monsoon period from November – February. An inverse linear relationship 
between Sky View Factor and UHI intensity was not found. Instead UHI intensities at 
the low-rise residential site were similar in magnitude to the CBD UHI. However, 
differences in surface morphology and proximity of coasts from sites could explain 
this anomaly. 
 
There appears to be little direct link between observed nocturnal UHI and UME in 
this study, although slightly elevated urban vapour pressure was seen during the 
nocturnal period. However, rainfall amount was shown to have a strong influence on 
UHI intensity, with dry conditions having larger UHI intensities as opposed to lower 
magnitudes in light and heavy rainfall conditions. Peak UHI is also shown to occur at 
sunrise during dry periods, as opposed to pre-midnight peaks under both rainfall 
conditions. Rainfall location was also shown to have similar impacts on UHI, with dry 
and rural rainfall only conditions resulting in larger UHI intensities observed. Soil 
moisture at the rural site is also shown to have a strong relationship with rural air 
temperature. Lastly, this thesis concludes by examining possible future studies in 






















































1.1: Urbanisation and Climate  
 
Defined as ‘the concentration of a territory’s population in towns and cities,’ 
(Johnston, 2001), the process of urbanisation alters the physical appearance of the 
natural, “rural” landscape, manifesting itself in man-made objects like buildings, 
roads and pavements. Apart from these well-documented physical changes, the 
climate of an urbanised area also differs from that of a natural landscape.  
 
Many regions of the globe are currently undergoing high rates of urbanisation. 
Of particular note is the large increase in urban population in tropical and subtropical 
regions over the past 30 years. Large urban settlements with a population in excess of 
8 million are defined by the United Nations as a ‘megalopolis’ (Chen and Haligman, 
1994), and as a result of rapid urbanisation, most of these extremely large cities are 
found in tropical or subtropical climates (Table 1.1). Several cities have doubled their 
populations over the past 25 years (e.g. Dhaka, Jakarta, Delhi), while others have also 
grown considerably (e.g. Mexico City and Sao Paolo). In contrast, several cities in 
developed countries lying in temperate climate zones (e.g. London, New York) 
exhibit lower rates of urban growth. 
 
Such a large-scale concentration of people in an area inevitably changes the 
local climate and can lead to a decline in the environment and quality of life (e.g. 
Table 1.2 lists how urbanisation affects some of the more common climate variables 
in a temperate city). Furthermore, air pollution from industries and vehicle usage, acid 
precipitation and smog can lead to respiratory illnesses. Most of the tropical cities 
listed in Table 1.1 are in “less developed countries,” that have their infrastructure at, 
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or beyond, their financial limit, and environmental issues are often of secondary or 
tertiary concern for development  (Oke et al., 1990/91). Given the high rates of 
urbanisation in these areas and climate-related problems listed above, there is ample 
motivation for the scientific study of tropical urban climates.  
 













Bangalore/ India 2.8 5.0 78.6 8.2 64 
Bangkok/Thailand 4.7 7.2 53.2 10.3 43.1 
Beijing/China 9.0 10.8 20 14.0 29.6 
Bombay (Mumbai)/India 8.1 11.2 38.3 15.4 37.5 
Buenos Aires/Argentina 9.9 11.5 16.2 12.9 12.2 
Cairo/Egypt 6.9 9.0 30.4 11.8 23.7 
Calcutta (Kolkata)/India 9.0 11.8 31.1 15.7 33.1 
Dacca (Dhaka)/Bangladesh 3.3 6.6 100 12.2 84.9 
Delhi/India 5.6 8.8 57.1 13.2 50 
Istanbul/Turkey 4.4 6.7 52.3 9.5 41.8 
Jakarta/Indonesia 6.0 9.3 55 13.7 47.3 
Karachi/Pakistan 4.9 7.7 57.1 11.7 51.9 
Lagos/Nigeria 4.4 7.7 75 12.9 67.5 
Lima/Peru 4.4 6.2 41 8.2 32.3 
Los Angeles/USA 9.5 11.9 25.3 13.9 16.8 
Manila/Philippines 6.0 8.5 41.7 11.8 38.8 
Mexico City/Mexico 14.5 20.2 39.3 25.6 26.7 
Moscow/Russia 8.2 8.8 7.3 9.0 2.3 
New York/USA 15.6 16.2 3.8 16.8 3.7 
Osaka/Japan 8.3 8.5 2.4 8.6 1.2 
Paris/France 8.3 8.5 2.4 8.6 1.2 
Rio de Janeiro/Brazil 8.8 10.7 21.6 12.5 16.8 
Sao Paolo/Brazil 12.1 17.4 43.8 22.1 27 
Seoul/Republic of Korea 8.3 11.0 32.5 12.7 15.5 
Shanghai/China 11.7 13.4 14.5 17.0 26.9 
Teheran/Islamic Republic of Iran 5.1 6.8 33.3 8.5 25 
Tianjin/China 7.3 9.4 28.8 12.7 35.1 
Tokyo/Japan 16.9 18.1 7.1 19.0 4.7 
N.B: Tropical and subtropical cities in bold.  
Source: 1980 – 1990 data from Chen and Haligman (1994); 2000 data from United Nations Statistics 







Table 1.2: A comparison of urban and rural climate parameters in a hypothetical temperate city 
 
Climate Element Parameter Urban vs. Rural 
(- less; + more) 
On horizontal surface -15% Incoming Solar Radiation 
Ultraviolet -30% (winter) 
-5% (summer) 
Annual mean +0.7 ˚C 
Winter maximum +1.5˚C 
Temperature 
Length of freeze-free season +2 to 3 weeks (possible) 
Annual mean -20 to -30% 
Extreme gusts -10 to -20% 
Wind Speed 
Frequency of calms +5 to +20% 
Annual mean -6% Relative Humidity 
Seasonal mean -2% (winter) 
-8% (summer) 
Cloud frequency and amount +5 to +10% Cloudiness 
Fogs +100% (winter) 
+30% (summer) 
Amount +5 to +10% 
Days (with <5 mm) +10% 
Precipitation 
Snow days -14% 
Source: Robinson and Henderson-Sellers (1999) 
 
There exists an unfortunate lack of urban climate studies in tropical cities 
despite the decline in environmental quality associated with urbanisation. This 
disparity in knowledge between tropical and temperate urban climates has been noted 
in numerous studies (Oke et al., 1990/91; Cleugh, 1995; Tso, 1996; Goh and Chang, 
1998; McGregor and Nieuwolt, 1998). Jauregui (1986a) illustrated this divide by 
stating that only 2% of urban climate studies completed before 1986 were on tropical 
cities. Furthermore, a recent search of the International Association for Urban Climate 
(IAUC) website (http://www.urbanclimate.net) using the search terms “tropical urban 
climates” produced less than 60 results out of an estimated 3,500 studies in its 
database.  
 
Two, possibly self-reinforcing, reasons can explain this. First, researchers in 
less developed nations in the tropics probably lack resources (e.g. little or no research 
funding, meteorological data, trained personnel and equipment) to conduct such 
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research. Second, there is little demand for climate information by governmental or 
quasi-governmental agencies, which will prevent such resources from being allocated 
to climate research in the first place (Oke et al., 1990/1991). This is unfortunate, as an 
adequate knowledge base of climate modification is useful for urban planning and 
local environmental management, or in estimating global environment changes (Oke, 
1997). However, the past two decades have seen a belated interest in tropical urban 
climates. A recent review estimates that approximately 20% of urban climate-related 
papers published between 1990 and 1998 were from tropical areas (Jauregui, 1999). 
Arnfield (2003) has also noted the greater attention given to studies of urban climates 
in tropical cities in recent times.  
 
1.2: Objectives  
 
The present thesis investigates several aspects of the Urban Heat Island (UHI) 
phenomenon in Singapore. It presents one of the first systematic studies of urban 
temperature and humidity regimes in a tropical city. This study will concentrate 
mostly on the UHI effect, as it is one of the most fundamental and clearest 
illustrations of inadvertent climate modification by urbanisation (Oke, 1987). The two 
objectives of this thesis are as follows:  
 
(1)  The observation of the canopy-level UHI of Singapore, and the analysis of its 
temporal dynamics over the period of one year.  
 
 Diurnal and seasonal differences in the magnitude and temporal development 
of the Singapore UHI over the period of one year will be examined and discussed. 
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The present study uses data from several fixed sites located in areas of different urban 
landuses and surface morphology. The influence of common climate variables on the 
UHI (e.g. wind speed and cloud cover) will also be investigated. It should be stressed 
that this thesis examines the canopy-level UHI effect, which is the observed urban-
rural temperature difference found in the air between surface and mean roof level 
(Oke, 1987).  
 
(2)  The evaluation of the role of moisture on UHI intensity and dynamics.  
 
 Several authors have mentioned a possible influence of moisture on the UHI 
(Oke et al., 1991; Imamura, 1993; Cleugh, 1995; Holmer and Eliasson, 1999; Unger, 
1999; Runnalls and Oke, 2000). The present study examines if humidity (i.e. the 
Urban Moisture Excess) and precipitation impacts (i.e. surface and soil moisture) are 
factors which influence UHI intensity and dynamics. This will be the first study in a 
tropical city to directly relate precipitation amount and location with UHI magnitude 
and development.  
 
1.3: Organisation  
 
 Chapter 2 introduces the UHI phenomenon and reviews existing UHI studies. 
Particular attention will be placed on moisture impacts, temperate and tropical UHI 
differences, as well as on existing local UHI studies. Chapter 3 presents the 
methodology, with detailed descriptions of the rural and urban sites and the fieldwork 
techniques utilised. Chapter 4 describes and discusses the UHI results obtained. 
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Chapter 5 analyses the moisture data and discusses their impact on UHI intensity and 
dynamics. Finally, Chapter 6 provides a summary and concludes this thesis.  
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Chapter 2: Explanation of 

























2.1: The Urban Heat Island – Definition and Background 
 
 The Urban Heat Island (UHI) is defined as the increased surface and/or air 
temperatures observed in an urban environment compared to the rural surroundings. It 
is probably the most obvious modification of synoptic climate due to urbanisation 
(Landsberg, 1981; Oke, 1987). Luke Howard was one of the first scientists to observe 
these temperature differences in 1833 for the city of London (Oke, 1991). The term 
‘Urban Heat Island’ however appears to have been first used by Manley (1958) in his 
study of the urban climate of several cities in England. Initial research focused on 
several mid-latitude cities such as London (Chandler, 1965), Lund (Lindqvist, 1968), 
Vancouver and Montreal (Oke, 1973) and Atlanta (Changnon Jr., 1981), There was 
little focus on tropical cities with the exception of Mexico City (Jauregui, 1973).  
 
The description of the phenomenon draws upon a geomorphologic analogy. 
The sharp temperature gradient between urban and rural areas is akin to the 
geomorphic land/sea interface of islands, with a notable “cliff” separating the urban 
and rural temperature fields (Figure 2.1). The difference between the urban 
temperature (Tu) and the rural background (Tr) defines the UHI intensity (∆Tu-r), and 
the maximum value (UHIMAX or ∆Tu-r(max)) or is generally found in the “downtown” or 
CBD area of a city at night. A “plateau” of elevated T can also be found in other urban 
areas (commercial, residential etc.). However T is generally lower in these areas 
compared to documented CBD temperatures. In several cities, parks, lakes and open 
areas have lower air temperatures than the surrounding urban area and can disrupt 
these urban temperature peaks (Oke, 1987). Lastly, the form of the UHI in Figure 2.1 
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can also be affected by the expansion of urban areas over time which leads to the 




















 Plateau pical temperature profile across a tropical city and its rural e
(After Heat Island Group, 2000) 
 
HI is a dynamic feature arising from different 
oling rates (Ludwig, 1970, Oke et al., 1991; Jauregui
nces is key to understanding the UHI phenomenon (O
clear and calm weather conditions for a hypothetica
varies in a consistent manner during a 24-hour per
temperature begins to cool in the late afternoon and
ban areas cooling at slower rates than rural areas (Fi
lts in the growth of ∆Tu-r reaching a maximum about 
982). This peak gradually declines and disappears rap
d warming of rural areas (Figure 2.2c).  Cliff 
nvirons at night. 
urban and rural 
 1997). Analysis 
ke and Maxwell, 
l temperate city, 
iod (Figure 2.2). 
 evening (Figure 
gure 2.2b). This 
3 – 5 hours after 
idly after sunrise 
10
 
Figure 2.2: UHI development as seen through air temperature changes (a), heating/cooling rates 
(b), and heat island intensity (c) (Oke, 1987). 
 
UHIs can result from observed differences of surface and air temperatures 
between urban and rural areas. They are related to a large extent, but each UHI type 
possesses different mechanisms dictating their causation and intensity (Oke, 1995). 
Surface UHIs often have the greatest values during the day, but those in the air peak 
during nocturnal periods. (Roth et al., 1989; Nichol, 1996). UHIs in the atmosphere 
are further divided into canopy-layer and boundary-layer UHIs (Oke, 1976). The 
difference lies in the scale and processes involved of each UHI type (Arnfield, 2003). 
The former refers to elevated temperatures occurring within the confines of the urban 
canopy layer, which extends from the surface up to approximately mean roof level 
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(Oke, 1982). Canopy-layer UHIs are mostly determined by local scale, site-specific 
processes of airflow and energy exchange. Conversely, meso-scale boundary-layer 
UHIs occur in the portion of the planetary boundary layer above the urban canopy. 
The characteristics of boundary-layer UHIs are modified to a large extent by the 
presence of a city at the surface (Oke, 1987). In this thesis, the focus is on the canopy 
layer UHI, and hence the term ‘Urban Heat Island’ will refer to the UHI effect within 
the urban canopy unless directly specified otherwise. 
 
 Another important distinction is that different UHIs follow from different 
sampling methods, e.g. fixed point sampling vs. mobile traverses. The former refers to 
observations taken at a specific point, usually a climate station. Mobile traverses 
involve vehicle or pedestrian movement along a pre-assigned route through an area.  
Such traverses measure a “skeletal” view of the temperature field below roof level and 
are different from temperatures measured at fixed sites (Oke, 1995). Traverses are 
considered to give the most accurate picture of the heat island morphology of a city 
(Eliasson, 1994). Furthermore, fixed sites may result in under-estimation of UHIMAX 
due to advection which may shift thermal patterns (Runnalls and Oke, 2000). 
However, in most long-term UHI studies, it is often more practical and economical to 
use fixed station data.  
 
The UHI leads to several biological and economic implications (Oke, 1987). 
Increased warmth of urban areas has been shown to increase levels of canopy-level 
ozone in several temperate cities (Stone Jr. and Rodgers, 2001). Elevated 
temperatures also increase bioclimatic discomfort and heat stress where temperatures 
are already high, especially in urban areas in the low tropics, or in mid-latitude cities 
 12
in summer (Sham, 1981; Oke, 1986; Oke et al., 1990/1991; Jauregui et al., 1997). 
Urban warmth is also responsible for earlier blooming of flowers and trees, longer 
crop growing seasons, attraction of birds to thermally more favourable urban climates, 
as well as increased growth and production of fungal spores (Oke, 1987; Calderón et 
al., 1997). From an economic standpoint, the UHI can be beneficial in winter as 
domestic heating in cities is reduced, but conversely, air-conditioning demands may 
increase in summer (Oke, 1987; Ichinose et al., 1999).  
 
2.2: Factors Affecting the Urban Heat Island Phenomenon 
 
2.2.1: Causative Factors 
 To discuss UHI causation, it is best to examine how urbanisation modifies the 
surface energy balance (i.e. after Sundborg, 1951). This allows for a fundamental and 
conceptual understanding of the climate of an area, and aids in understanding the 
thermodynamic behaviour of air temperature and humidity fields (Oke, 1988b). For an 
urban area, neglecting advection, the surface energy balance is: 
 
Q* + QF = QH + QE + QG             (2.1)  
 
Where Q* – net all-wave radiation, QF – anthropogenic heat flux density, QH – 
sensible heat flux density, QE – latent heat flux density, and QG – ground heat flux 
density.  
 
 The fluxes in (2.1) undergo changes during urbanisation as the nature of the 
underlying surface is radically altered. Such alterations include variations in urban 
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canyon geometry, thermal inertia of urban materials, reduction of vegetation and 
anthropogenic heat generation (Oke, 1982; Oke et. al., 1991; Eliasson, 1994; Eliasson, 
1996a). Through the examination of such differences, it is possible to derive how 
these changes affect UHIs.  
 
Table 2.1: Hypothesised causes of UHIs due to urbanisation and energy balance changes 
Urbanisation features underlying energy 
balance changes 
Altered energy balance terms leading to UHI 
creation 
1. Canyon geometry – increased surface area and 
multiple reflections. 
Increased absorption of short-wave radiation  
2. Air Pollution – greater absorption and re-
emission. 
Increased long-wave radiation from the sky. 
 
3. Canyon geometry – reduction of sky view 
factor. 
Decreased long-wave radiation loss. 
4. Building and traffic heat losses. Anthropogenic heat source. 
5. Construction materials – increased thermal 
admittance. 
Increased sensible heat storage. 
 
6. Construction materials – increased “water-
proofing”. 
Decreased evapotranspiration. 
7. Canyon geometry – reduction of wind speed. Decreased total heat transport. 
 Source: Oke (1982) 
 
Table 2.1 lists how urban canyons, which are the combination of walls, floor 
and air volume contained between two buildings (Nunez and Oke, 1976), play a 
critical role in UHI causation. Their presence leads to an increase in the total surface 
area of cities compared to rural areas. This enables an increase in absorption of net 
radiation during the day due to multiple reflections within urban canyons. Urban 
canyons also act as windbreaks, reducing wind speeds and turbulence and hence total 
heat transport away from urban areas is decreased.  
 
Urban canyons also reduce surface long-wave radiation loss at night due the 
reduced sky view factor (SVF, or ΨS) of the urban surface. SVF is defined as the ratio 
of the amount of sky “seen” from a given point on a surface to that potentially 
available, with lower ΨS values indicating a higher proportion of the sky being 
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blocked out (Oke, 1987). This parameter indicates how the shape of the urban canyon 
alters the exchange of long-wave radiation between the canyon floor and walls with 
the sky, and has been shown to have an inverse linear relationship with maximum 
UHI intensity in several cities (Oke, 1981; Yamashita et al., 1986; Oke, 1988a). A 
related parameter is the Height-to-Width ratio (H/W), which is the ratio of the mean 
height of buildings to the mean street width of the urban canyon. A higher H/W 
indicates denser urban development with steep canyons. A strong relation between 
geometry of urban street canyons with UHIMAX has been documented by Oke (1981) 
(Figure 2.3). 
 
Figure 2.3: Relationship between UHIMAX and H/W of street canyons in selected European, North 
American and Australasian cities (Oke, 1987). 
 
 
Apart from urban canyon geometry, the thermal properties of construction 
materials are also significant in UHI causation. Vegetation and soils of rural areas are 
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replaced by bricks, concrete, steel, asphalt and glass in cities. These materials possess 
a higher thermal admittance (µ) compared to vegetation and soils which allows for 
larger QG fluxes in urban areas. Higher µ result in slower release rates of sensible heat 
from stored heat, which results in city surfaces cooling at slower rates than rural 
surfaces (Oke and Maxwell, 1975). The differences between urban (µurban) and rural 
(µrural) thermal admittances have significant impact on UHIs, with larger differences 
leading to greater UHI intensities (Oke et al., 1991). However, the multi-faceted 
nature of the urban surface seen in the different types of building materials used, and 
the complexity of urban canyons, leads to considerable difficulties in estimating the 
exact value of µ for the urban landscape.  
 
In tropical rural areas, an estimated 85% of net incoming radiation (Q↓) is used 
for evapotranspiration and is partitioned in the QE flux in (2.1) (Chang, 1965; Sham, 
1987). This results in a low Bowen ratio (β), a measure which relates the QH flux to 
the QE flux, and indicates that heat input into the tropical atmosphere is mainly in the 
latent form (Oke, 1987). However, in urban areas, the presence of construction 
materials would decrease evapotranspiration rates due to the waterproofing of 
surfaces, resulting in increased surface run-off and consequently lower infiltration. 
Thus, a higher proportion of QH over QE occurs, resulting in a larger value of β in 
urban areas.  
 
 Anthropogenic heat sources such as air-conditioning and vehicle emissions 
add heat to the urban atmosphere. Luke Howard initially cited this factor as the most 
important for heat island causation (Landsberg, 1981). However, this appears to be 
significant only in temperate or high-latitude cities during winter, where domestic 
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heating in urban areas contributes to large UHI intensities observed (e.g. Klysik and 
Fortuniak, 1999; Magee et al., 1999). The impact of QF in tropical areas may have 
some influence on UHI causation. For instance, wall-mounted air conditioners in 
residential areas constantly emit heat (and humidity) into the urban canopy throughout 
the nocturnal period. Emissions from motor vehicles, subway vents etc. are also likely 
to have a direct impact on canopy-layer UHI causation (Oke, 1988b). However, 
studies on the QF flux are limited in tropical areas.  
  
The relative importance of the factors in (2.1) has been evaluated by Oke 
(1982). He hypothesised that for a temperate city during summer, the factors of 
increased absorption of short-wave radiation and sensible heat storage, and to some 
extent the decreased evapotranspiration and increased anthropogenic heat flux 
combine to ensure that the urban canopy stores heat by day. After sunset, decreased 
long-wave radiation loss and total heat transport prevent rapid losses of the stored 
heat and ensures the urban nocturnal temperatures are higher. However, using the 
Surface Heat Island Model (SHIM) (Johnson et al., 1991), it was found that the 
dominant causes for UHI causation are street canyon geometry and urban-rural 
thermal admittance differences (Oke et al., 1991). The same study notes that ΨS is a 
useful proxy for the thermal properties of construction materials, lack of green space, 
and anthropogenic heat generation.  
 
2.2.2: Factors Modifying the UHI 
 Several variables are known to modify the form and intensity of the UHI. 
They are larger in scale and can be non-urban in nature (such as meteorological or 
topographical factors), or pertain to variations in city form and size.  
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  First, UHI form and intensity are strongly modulated by prevailing local-scale 
meteorological conditions over urban and rural areas, especially by wind speed, cloud 
amount and cloud height (Oke 1995). It has been observed that UHI intensity 
decreases with increasing wind speed and cloud cover (Ackerman, 1985; de 
Figueiredo Monterio, 1986; Eliasson, 1996b; Figuerola and Mazzeo, 1998; Magee et 
al., 1999; Unger et al., 2001; Bejaran and Camilloni, 2003). Statistical analysis has 
shown that wind speed is the most significant meteorological variable affecting UHI 
intensity, followed by cloud cover and height (Sundborg, 1951; Chandler, 1965; Oke, 
1982; Morris et al., 2001). These parameters disrupt the normal thermal-inertia driven 
cooling in different ways (Kidder and Essenwanger, 1995). Higher wind speeds 
increase turbulent mixing in the canopy layer, while increased cloud cover limits 
surface long-wave radiation loss, with low-level clouds (e.g. stratus and cumulus) 
having greater impact compared to high-level clouds (e.g. cirrus and cirrostratus). 
These observations show that for UHIMAX to occur, the prevailing weather must be 
clear and calm.  
 
A method to quantify the effect of meteorological factors on UHI intensity has 
been proposed by Oke (1998) and is known as the ‘Weather Factor’ (ΦW): 
 
                  (2.2)  5.02 )1( −−=Φ ubnW
 
Where (1-bn2) – Bolz correction factor where b is a coefficient for cloud height and n 
is the cloud amount in tenths, and u – regional 10 m height mean wind speed in m s-1. 
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 The relationship in (2.2) expresses the degree to which weather variables 
reduce UHI intensity from the maximum ∆Tu-r found in wind and cloud-free 
conditions. ΦW is unit-less, and ranges between zero and one, with higher values 
indicating a greater UHI intensity and vice versa.  
 
It has been observed that the presence of a pressure gradient between urban 
and rural areas results in a local scale wind system called the Urban Heat Island 
Circulation (UHIC) which advects cooler rural air towards urban areas and slow UHI 
development (Kratzer, 1937; Tapper, et al., 1981). This feature appears to have a 
larger role in nocturnal UHI development than previously assumed (Haeger-
Eugensson and Holmer, 1999). The UHIC could result in fluctuating urban-rural 
cooling rates that would affect the temporal dynamics of the UHI. However, the 
UHIC requires a threshold urban-rural temperature difference to operate [e.g. 
approximately 2 ºC in Göteborg, Sweden (Haeger-Eugensson and Holmer, 1999)], 
which varies for different cities. The UHIC may also be negated if larger-scale wind 
systems are present (i.e. monsoon or katabatic winds).     
 
Weather over a larger scale (i.e. regional climates) and over a longer time 
period (i.e. seasonal variations in climate of a geographical location) can effect similar 
controls on UHI phenomena. This is due to variations in the synoptic climatology 
(e.g. changes in precipitation, sunlight, wind and cloud patterns) which alter urban 
and rural cooling rates over a year. For instance, observed UHI intensities in 
temperate cities are largest during prolonged anti-cyclonic conditions (Unwin, 1980; 
Morris and Simmonds, 2000). In contrast, tropical cities which have alternating wet 
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and dry seasons observe larger UHIs during the dry season (Padmanabhamurty, 1986; 
Adebayo, 1987; Jauregui 1993). 
 
 Other non-urban impacts on UHIs include the presence of water bodies and 
topographic features. Large water bodies can be significant as their thermal properties 
greatly differ from those of urban areas. The well-documented land/sea breeze 
phenomenon affects UHIs in coastal cities as turbulent heat transport increases and 
moister air is advected into the urban canopy, resulting in a sharp “cliff” of isotherms 
at the coast (Oguntoyinbo, 1986; Padmanabhamurty, 1986; Nasrallah et al., 1990; 
Sundersingh, 1990/1991; Goldreich, 1995; Figuerola and Mazzeo, 1998; Runnalls and 
Oke, 2000). This circulation can also shift the peak UHI further inland (Moreno-
Garcia, 1994; Gedzelmann et al., 2003). Smaller hydrological features such as rivers 
can also modify UHIs. The Yamuna river in Delhi bisects the city and this has 
resulted in two distinct UHI peaks either side of the river (Padmanabhamurty and 
Bahl, 1982; Padmanabhamurty, 1986). A similar UHI morphology is seen in Pune 
with the Mula and Mutha rivers flowing through the urban core (Deosthali, 2000). 
 
 Topography is significant in modifying UHI form and intensity. The influence 
of topography can be so strong that UHI magnitudes may depend more on local 
terrain than on urban form (Chandler, 1964; Goldreich, 1984). Cities located in 
valleys may be affected by cold air drainage or katabatic flow. In Quito, Ecuador 
(Hannell, 1976), the strong katabatic effect at night results in a negative nocturnal 
UHI. For the cities of Stolberg, Germany (Kuttler et al., 1996), and Xishuangbanna, 
China (Du et al., 1990/1991), UHI development occurs “normally” prior to midnight 
(i.e. urban areas cool slower than rural areas), but post-midnight katabatic flows in 
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these cities result in the UHI being negated. Another topographical impact is that 
cities located at high altitude regularly experience strong nocturnal inversions which 
could promote relatively large UHI magnitudes, such as in Mexico City (Jauregui, 
1973) and in Johannesburg (Goldreich, 1992). 
  
UHI magnitude also depends on the form and size of the urban area. As seen in 
Figure 2.1, peak UHI intensities are generally observed at the city centre, but in 
several cities (e.g. Moscow), peak UHI is observed in suburban areas which have 
denser urban canyons compared to the city centre (Shahgedanova et al., 1997). The 
spatial form of the UHI is also affected by expansion of urban areas over time which 
leads to a corresponding growth in the extent of the heat island.  
  
The size of a city expressed in terms of its population is directly related to UHI 
intensity (Oke, 1973). Figure 2.4 illustrates how larger settlements generally have 
greater observed UHI intensities. However, the validity of using urban population size 
as a factor in a physical process is questionable. It has been speculated that measures 
of urban density (e.g. H/W, ΨS), or a quantification of total urban land area would be a 
better expression of city size (Oke, 1987).  
 
Figure 2.4: Relation between maximum UHI intensity and population for several North 
American and European cities (Oke, 1973).  
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2.3: Moisture Impacts on the Urban Heat Island 
 
 Apart from modifying temperature regimes, urbanisation also alters moisture 
fields (i.e. humidity, surface wetness and soil moisture levels). Spatial variations in 
moisture levels can have significant impacts on the UHI, and it is important to 
examine this influence.  
 
The literature on urban effects on humidity is sparse compared to UHI studies. 
Jauregui and Tejeda (1997) speculate that this is due to the small urban-rural humidity 
differences observed and their complex spatial distributions. A further complication is 
that several humidity studies documented urban-rural differences in terms of relative 
humidity only, which gives little information on actual atmospheric vapour content. 
This moisture content within the urban canopy is important for understanding a 
variety of processes, such as radiative fluxes (Lee, 1991). However, the data available 
does show some distinct diurnal and seasonal differences in humidity fields between 
urban and rural areas. 
 
Several factors influence the spatial distribution of urban humidity. The loss of 
vegetation results in lower transpiration rates, and the subsequent increase in 
impermeable area results in higher urban run-off rates and less evaporation. However, 
urban humidity levels can increase due to anthropogenic combustion processes such 
as burning hydrocarbons (Landsberg, 1981), and also due to human transpiration 
(Unkaševic et al., 2001). The UHI may also increase evaporation in urban areas 
during nocturnal periods (Kratzer, 1956; Chandler, 1967; Hage, 1975), resulting in a 
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phenomenon termed the Urban Moisture Excess (UME) (Holmer and Eliasson, 1999), 
which has been observed in several temperate cities.  
 
A linkage between the UME and UHI has been suggested due to the 
simultaneous occurrence of these phenomena. Chow (1986) noted that the centre of 
the “moisture island” is in close proximity to the UHI peak in Shanghai. UME 
development appears to correspond temporally to the nocturnal UHI phenomenon, 
and there have been attempts to document possible relationships. While Hage (1975) 
stated that rural-urban humidity differences do not play a crucial role in UHI 
development, both Lee (1991), and Unkaševic et al. (2003) noted strong correlations 
between heat island intensities and urban-rural humidity differences in London and 
Belgrade. However, Lee (1991) qualified that they are controlled by similar, though 
not identical atmospheric processes. Unkaševic et al. (2001) concluded that local 
effects (such as weather, topography, human effects and vegetation) could also be 
significant in explaining the relationship between UME and UHI. Holmer and 
Eliasson (1999) also claim that the UME could influence UHI development due to 
downward long-wave radiative forcing via atmospheric moisture, as well as the 
possibility of a greater latent vapour flux inhibiting UHI development.  
 
 While some research into humidity fields have taken place in mid-latitude 
cities, similar research in tropical cities is scarce, with few authors using specific 
humidity and vapour pressure to quantify atmospheric moisture (e.g. Jauregui, 1986; 
Padmanabhamurty, 1986; Deosthali, 2000). Their findings indicate that tropical urban 
areas are also generally more humid at night. Padmanabhamurty (1986) observed an 
inverse relationship between atmospheric temperature and vapour pressure. The 
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centre of the UME coincides with peak UHI found in the city core of Pune (Deosthali, 
2000), with the reported cause being increased levels of nocturnal evaporation and 
plant transpiration in the city centre. 
 
 Jauregui and Tejeda (1997) compared diurnal and seasonal variation of 
humidities observed in Mexico City with those documented in London (Lee, 1991). 
Diurnal urban-rural humidity ranges were considerably higher in Mexico City, and 
seasonal differences of humidity between the wet and dry months were observed 
(Jauregui and Tejeda, 1997). Moreover, daily ranges of specific humidity in London 
peaked in the pre-summer month of April, while those in Mexico City peaked in 
August, in the middle of the wet season. They concur with Lee that the UHI adds 
atmospheric moisture via continued evaporation during the night.  
 
 Apart from humidity field variations, soil moisture and surface wetness also 
have significant impacts on the UHI. Higher µrural from greater infiltrated soil 
moisture will reduce the cooling potential of rural areas after rainfall events. This 
results in lower UHI intensities as the difference between µurban and µrural is reduced. 
Observations in tropical cities have shown that higher UHI intensities occur during 
dry periods (i.e. lower rural soil moisture levels), supporting the view that soil 
moisture and µrural is a key control of the UHI in tropical areas (Oke et al., 1991). As 
variations in seasonal insolation are lower in the tropical cities compared to cities in 
temperate regions, differences in dry/wet seasons (and soil moisture) are the most 
important climate control on tropical UHIs (Imamura, 1993).   
 
 24
 Likewise, surface wetness resulting from precipitation events affects UHIs. 
Runnalls and Oke (2000) described that overnight dewfall at the rural surface has 
been observed to increase µrural and impact on diurnal UHI development by reducing 
the rate of rural cooling. In urban areas, surface moisture results in lower ß ratios, 
suppressing heat storage and reducing the differentiation between rural and urban 
microclimates. However, the authors note that surface wetness appears to be of 
greater significance in urban areas for only a short period of time (i.e. immediately 
after precipitation events) as it is presumed that increased urban run-off rapidly 
removes moisture from the surface.  
 
2.4: Differences between Temperate/Tropical Urban Heat Islands 
 
 Two major differences between temperate and tropical cities UHIs can be 
identified. First, tropical heat island intensities are generally lower for a given 
population size (Jauregui, 1986a; Oke et al., 1991) (Figure 2.5). While the data is not 
strictly comparable because different sampling methods and techniques have been 
used, Figure 2.5 does suggest the possibility of systematic differences between 
tropical and temperate UHI intensities. Jauregui (1986a) suggests this may be due to 
different city morphologies or of the nature of the “rural” area surveyed.  
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Figure 2.5: UHIMAX intensity vs. population data for tropical and mid-latitude cities. The Figure 
is expanded from Figure 2.4 with the addition of tropical city data. Note the lower UHI intensities 
for tropical cities (Jauregui, 1986a). 
 
Oke (1986) proposed that physical differences of urban structure, fabric, and 
radiative properties between tropical and temperate cities are partly responsible for 
explaining the corresponding differences in UHI. For example, many tropical cities 
have shallower urban canyons with lower H/W in the CBD, and use materials that 
adapt to local climate (i.e. higher albedo and lower thermal admittance construction 
materials) which may both result in the lower UHI magnitudes (Nasrallah et al., 
1990).  The nature of the “rural” area in the tropics could also be important. Oke 
(1986) has generalised that the range of surface properties in tropical rural areas is 
greater than the range found in temperate rural areas (e.g. generally higher albedo of 
rural soils in tropical hot/dry climates compared to tropical hot/wet areas could reduce 
QG fluxes).  
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 A second major difference is the temporal dynamics of UHIs (Jauregui 1986; 
Chow, 2002). While UHIMAX in temperate cities occurs 3 – 5 hours after sunset 
(Chandler, 1965; Oke and Maxwell, 1975; Montávez et al., 2000), tropical city 
UHIMAX generally occurs between midnight and sunrise (Padmanabhamurty and Bahl, 
1982; Jauregui, 1986b; Jauregui et al., 1992; Jauregui, 1997). Furthermore, studies in 
Delhi (Padmanabhamurty and Bahl, 1982), and Pune (Padmanabhamurty, 1979; 
Deosthali, 2000) observe two nocturnal UHI peaks at midnight and near sunrise.  
 
These differences suggest that cooling rates in tropical rural and urban areas 
may evolve differently, and several explanations have been postulated. For example, 
Mexico City experiences frequent periods of calm or light winds after midnight, 
which, coupled with a longer nocturnal period and less air pollution at dawn 
compared to most temperate cities, promotes continued UHI development until near 
sunrise (Jauregui, 1986b, 1997). Oke (1986) also stressed that different synoptic 
climates experienced in tropical and temperate areas will greatly complicate UHI 
development. For instance, late afternoon and evening showers common in tropical 
areas but are comparatively rare in temperate areas will affect the radiation exchange, 
surface moisture and humidity that consequently impact the UHI dynamics.  
 
2.5: Canopy-Level Urban Heat Island Studies in Singapore  
 
Singapore has a relatively long history of urban climate research compared to 
other tropical cities. While it is acknowledged that work has been done on surface 
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UHIs in Singapore from remote sensing (e.g. Nichol, 1994, 1996), this section only 
reviews canopy-level UHI studies in chronological order.  
 
In the first urban climate study published on Singapore, Nieuwolt (1966) 
compared temperatures in the CBD, Orchard Road and the old University in Bukit 
Timah with the “rural” station at Paya Lebar Airport. Higher temperatures and lower 
relative humidity were observed in the built–up areas compared to the airport. 
 
The next study was conducted by the Meteorological Services of Singapore 
(MSS) (1986), which published results from island-wide fieldwork carried out 
between 1979 and 1981. Following Chandler’s (1976) study in London which 
documented UHIMAX at 2200 hrs, the MSS also observed temperature patterns at 2200 
hrs Local Time (LT) using both traverse and fixed sites, although fixed site 
observations continued until past midnight.  
 
They documented a large warm belt covering the CBD in the south, stretching 
from the Jurong Industrial Estate in the west, to the residential areas of Geylang and 
Marine Parade in the east (Figure 2.6). In contrast, ‘cold islands’ were observed in the 
rural areas of Lim Chu Kang in the north-west, the nature reserves in the centre, and 
Tampines in the east. UHI intensities varied from the maximum documented of over 5 
ºC found in ‘the dry mid-year months,’ to below 2.5 ºC measured during the relatively 
wetter and windier year-end months in December. The influence of topography was 
also shown in the results. Cooler air from the central hills was observed to drain 
southward via small valleys and river basins, resulting in distortions of isotherms at 
the southern part of the island. 
 28
 Simultaneous relative humidity and vapour pressure measurements were also 
conducted. Nocturnal relative humidities were found to be higher in rural areas, 
possibly because relative humidity is inversely related to air temperature. In terms of 
vapour pressure, a small UME of 3-4 hPa was measured. They speculated that the 
nocturnal UME was partly due to hydrocarbon combustion by-products from 
domestic activity and automobile traffic, and that the gradual decrease in urban-rural 
humidity contrasts could be explained by the general decrease in these activities 
through the night. Using data from several fixed stations, the study also investigated 
the timing of the maximum UHI intensity. The a priori assumption that the UHI 
would be largest at 2200 hrs LT was found to be not valid, as UHIMAX measured at 













Figure 2.6: Isotherms of UHI form of Singapore during the southwest monsoon (a) and northeast 




Toh (1990) studied the impact of vegetation on the microclimate of Housing 
Development Board (HDB) estates in Singapore. Automobile traverses in several 
HDB estates at 1400 – 1500 hrs LT and 2200 – 2300 hrs LT were carried out in nine 
HDB estates which recorded temperature, relative humidity and wind speed. The 
“rural” readings were taken from MSS weather stations in eastern (Changi), western 
(Tengah) and northern (Seletar) parts of the island. Temperature was then correlated 
with a vegetation index based on foliage density and relative vegetation area in each 
estate. Mean UHI intensity between 2200 – 2300 hr LT was 1.76 ºC. Maximum ∆Tu-r 
of 3.2 ºC was measured at Temple HDB estate, which had the lowest vegetation index 
of all sites. An inverse relationship between the vegetation index and UHI intensity 
was found for both the afternoon and nocturnal UHIs, but a stronger correlation 
occurred with the UHI observed at 2200 – 2300 hrs LT.  
 
Goh and Chang (1998), and Chang (1998) conducted a field study similar to 
the one done by MSS (1986). Their primary objective was to determine the spatial 
variations of the UHI. Temperatures were measured using an island-wide network of 
21 stations (6 MSS stations and 15 participant observers who were distributed using 
partial systematic sampling). Data collection phases lasting 7 days each were carried 
out once during the northeast monsoon and southwest monsoon, and once during each 
of the two inter-monsoon periods. Several significant findings were made. First, 
observed 2200 hr LT UHI intensities did not exceed 5 ºC, with maximum readings 
found during the southwest monsoon (June) and minimum readings found during the 
northeast monsoon (January) periods. Second, the spatial distribution of the Singapore 
UHI had significantly been altered. This was due to landuse changes related to 
expansion of HDB estates into previously rural areas. For example, a new heat island 
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was present in Pasir Ris in the east. Furthermore, the “cool island” at the island 
interior observed in Figure 2.6 had been reduced with new housing estate 
development in Bukit Timah and Bukit Panjang.  
 
Statistical relationships between the UHI intensity at 2200 hrs and average 
H/W for various HDB estates were investigated by Chang (1998), and also by Goh 
and Chang (1999). A positive relationship between median H/W and the UHI intensity 
was observed based on temperatures from vehicle traverses and building geometry 
data. However, there are problems regarding the definition of Trural in this study, 
which was taken as the minimum temperature observed in each traverses, with no 
specific rural area mentioned.   
 
Most of the above studies concentrated on the spatial form of the heat island. 
In contrast, a preliminary study on the temporal dynamics of the nocturnal UHI was 
done using observations from vehicle traverses (Chow, 2002; Roth and Chow, 2002). 
Comparison of air temperature over western Singapore was done between a HDB 
precinct, a low-rise residential estate, an industrial area, and a rural site during a three 
week period in northeast monsoon (January – February), which is the period when the 
MSS (1986) and Goh and Chang (1998) found the lowest seasonal UHIs. Maximum 
temperature differences of 3 ºC were observed between the HDB and rural areas 
under clear and calm weather conditions. The timing of maximum differences 
generally occurred after midnight or just before sunrise. Nocturnal urban-rural 
temperature differences were also shown to be inversely related to ΨS. The study also 
measured spatial humidity variations in the study area, and a weak UME of less than 5 
hPa was observed after midnight.  
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 Finally, another body of applied UHI-related work has been conducted in 
relation to UHI mitigation via rooftop gardens. These studied the influence of rooftop 
gardens on the thermal environments of buildings and their surroundings. Several 
direct (e.g. reduction in surface roof temperature and net radiation received, and lower 
heat transfer through the rooftop) and indirect benefits (e.g. lower ambient air 
temperatures and improvements in air quality by vegetation filtering) of rooftop 
gardens have been observed (Wong et al. 2002, 2003). A study done on a low-rise 
commercial building showed that the introduction of rooftop gardens decreased 
surface and air temperatures, with the maximum cooling effect on air temperatures of 
about 4.2 ºC measured 30 cm above a vegetated rooftop compared to a bare roof 
surface (Wong et al., 2003). As the urban expansion of Singapore continues, this 
greening of buildings may prove to be beneficial in reducing the thermal impact of 
urbanisation, especially if rooftop gardens are installed on a large scale and well 
maintained.  
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 This chapter introduces the context of, and discusses the methods of the thesis. 
First, the climate and history of urban development of Singapore is described. Second, 
the methodology behind urban and rural site selection is explained. Third, the 
instruments used for the urban and rural sites are listed, with a description of the set-
up at each station. The surface characteristics of each site are also illustrated. Fourth, 
the secondary data obtained is shown, and the division of the fieldwork period into 
seasons is also accomplished. Finally, issues of sensor calibration and time-scales 
used in this thesis are discussed.  
 
3.1: Singapore: Climate and Urban Development 
 
 Singapore is an island republic consisting of one major island with an area of 
about 605 km2 and several smaller islands scattered around its eastern and southern 
coasts. It is located at the southernmost tip of the Malaysian peninsula between 
latitude 1˚ 09' N to 1˚ 29' N, and longitude 103˚ 36' E to 104˚ 25' E. The total 
population in the republic was 4 million in the last census taken in 2000 (Department 
of Statistics, 2000). 
 
Singapore experiences an equatorial climate with no distinct dry season. High 
mean temperatures (28 - 29 ˚C), relative humidity (55 – 95 %), and rainfall (2300 – 
2500 mm) are observed throughout the year (Figure 3.1) (Chia and Foong, 1991). 
There is little monthly variation from annual mean temperature, but differences occur 
in the distribution of monthly rainfall. Precipitation is highest from November to 
January, where monthly rainfall exceeds 200 mm. There is a relatively drier period 


































Annual Temperature Range: 1.3 oC
Annual Precipitation: 2410 mm
Figure 3.1: Climograph of Singapore showing high mean monthly temperature and rainfall 
(National Environmental Agency, 2002). 
 
Apart from precipitation, the impact of the monsoons extends to altering 
cloudiness, wind speed and wind direction into distinct seasonal patterns. Hence, 
meteorologists in Singapore tend to divide climate into four seasons – the Northeast 
and Southwest monsoons, separated by two brief inter-monsoon periods in between 
(Chia and Foong, 1991; National Environment Agency, 2002). Singapore is classed Af 
(“tropical wet”) under the Köppen classification. The absence of large and 
pronounced topography (the highest point is only 166 m above sea level), coupled 
with the small size of the main island leads to a lack of contrast in the local climate.
  
Singapore has undergone tremendous changes in its physical landscape since 
British colonists founded it in 1819. Three major phases of transformation of 
Singapore’s environment can be identified (Olszewski and Chia, 1991). The first 
phase occurred from 1819 to 1900, and involved the removal of significant 




nutmeg. The colonists developed a small (< 5 km2) colonial settlement at the mouth of 
the Singapore River, located at the southern tip of the main island.  
 
The second phase occurred from 1900 to 1940, and was due to rapid 
urbanisation as Singapore became a focal point for international migration. Built-up 
areas for commercial and residential purposes spread rapidly throughout the island, 
which led to continued deforestation. Further landuse change occurred as plantations 
were converted to housing and market gardens.  
 
The third and most recent phase occurred after 1945. Concerted national 
landuse planning was implemented and managed under a statutory government body 
to deal with high unemployment and an urgent lack of housing. This agency was 
responsible for the development of a detailed, local area landuse ‘Master Plan’ as well 
as a more comprehensive and long-term strategic ‘Concept Plan’. Since 1970, the 
Urban Redevelopment Authority (URA) has been in charge of this planning. Massive 
redevelopment of existing landuse then occurred. From 1955 to 1998, the amount of 
built-up area doubled from 25 % to 50 % (Figure 3.2). Vast tracts of land were 
converted to public housing, with high-rise residential flats becoming commonplace. 
An area in southwest Singapore (Jurong) was converted from a swamp to a dedicated 
industrial area. The commercial district of Orchard Road underwent a tremendous 
change in a short time period, with the skyline being drastically altered by the addition 





















Figure 3.2: Variation of landuse area in Singapore from 1955 – 1998 expressed as a percentage 
change. Note the increase in built-up area and corresponding decrease in farm and forest areas.  
“Others” include inland water, open spaces, cemeteries, military establishments, quarries, 
rubber and coconut plantations, and unused land (Department of Statistics, 2000). 
 
 
 By 1990, most parts of the island were considerably built-up (Figure 3.4), and 
only isolated pockets of pre-urbanisation natural landscape remained. These areas are 
the central interior of the island which contains a protected nature reserve and water 
catchment area, and the western flank of the island reserved for military training. The 
extent of urbanisation is so prevalent that the Singapore poet Felix Cheong (2002) 
commented, “While (Australian novelist) Robert Drewe makes the claim that 
Australia is the most urbanised country in the world…he has yet to walk the length 














Figure 3.3: The rapid rate of urbanisation in Singapore is shown in these two panels. The 
junction of Orchard Road and Scotts Road, located at the commercial centre of the island, 
appears almost deserted in 1972 (a). In 1990, the same area is almost unrecognisable (b). Note the 






Figure 3.4: The extent of urbanised land (represented in brown and grey) can be seen in this satellite image of Singapore taken in 2001. Note the undeveloped areas 
represented by green in the centre and western parts of the island.  Reclaimed land along the southern coast can be seen in white  (Tang, 2001). 
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3.2: Site Selection  
 
This rapid urbanisation shows no signs of abating. The last Concept Plan in 
2001 planned for continued land conversion and reclamation in order to sustain a 
projected population of 5.5 million people by the year 2041 (Figure 3.5). Extensive 
parts of the southern coast and several offshore islands will be reclaimed for industrial 
and residential use. In summary, Singapore has undergone tremendous and 
unprecedented landuse change over a relatively short time, and will continue to do so 
in the future. Hence, it is important to investigate the impacts of this rapid 






Figure 3.5: The strategic Concept Plan 2001 for Singapore for a planned population of 5.5 million 
by the year 2041. Note the expansion of the southern coast due to land reclamation (URA, 2003). 
 
 The thesis intends to conduct observations of local climate (i.e. air temperature 
(T), relative humidity (RH), vapour pressure (e), wind speed (U) and wind direction) 
at fixed stations located in a variety of urban landuses, and compares them with a 
rural site. Differences in climate variables between the urban and rural sites, as well as 
intra – urban differences, will be examined. The accuracy of such comparisons could 
be affected by incorrect selection of sites. Thus, the importance of site selection 
cannot be underestimated, and this section describes the methodology behind 
choosing an appropriate urban or rural site.  
 
3.2.1: Urban Site Selection  
The aims of this thesis require selection of a variety of landuse areas with 
different surface morphologies to enable intra-urban comparisons of climate variables. 
The selected areas will differ in terms of the geometries of urban canyons (i.e. 
variations of H/W or ΨS between sites), and amounts of green space (i.e. vegetation, 
park spaces, gardens etc.).  
 
The first criterion for urban site selection was to examine general areas which 
had the largest values of documented ∆Tu-r from previous studies. From research done 
by MSS (1986), and Goh and Chang (1998), this was determined to be the 
commercial area of Singapore located around Orchard Road at the southern part of the 
island. Another area examined was the CBD located at the southern coast. Apart from 
the dense urban geometries observed there, it was an important site for consideration 
as the highest values of T are generally associated with the CBD area in previous 
studies (e.g. Chandler, 1967; Oke and Maxwell, 1975). The selection of residential 
areas was also considered. As approximately 86% of Singapore residents live in high-
rise government-built HDB flats (Department of Statistics, 2000). There is some 




contrast with these HDB estates, selection of low-rise housing areas that comprise two 
or three-story private-owned housing were also of interest.  
 
Exploration of appropriate sites was done within these areas where the urban 
stations could be established. As the present thesis follows the assumption of Runnalls 
and Oke (2000) that canopy air temperature is highly influenced by microscale 
climates within a 500 m radius from the selected site, the immediate area surrounding 
the stations should have a consistent surface morphology. This would preclude 
stations within isolated parks in urban areas, or stations located close to a boundary 
separating areas with different urban functions (e.g. a site between adjacent residential 
and industrial areas). To aid in urban site selection, reconnaissance of these areas was 
undertaken, and a variety of aerial photographs were obtained and examined 
(Appendix B). Lastly, possible urban areas for site selection were vetted with the 
URA to ensure that no developmental or renovation works in close proximity were to 
be done during the study period, which could affect the climatic variables observed.  
Eventually, a total of four urban sites was selected and will be described further in 
subsequent sections.  
 
3.2.2: Rural Site Selection 
Considerable effort was placed in selecting an appropriate rural area for the 
background temperature Tr. Many UHI studies fail to properly explain or define the 
choice of the rural site, whose selection is as important to the proper selection of the 
urban sites. Lowry (1977) provides a framework for choosing an appropriate site for 





itxitxitxitx ELCM ++=                                              (3.1) 
 
Where M is the measured value of a weather element, given weather type i during 
time period t at station x. C represents the value of the weather element that is 
observed in the absence of landscape or urban effects, L represents the value of 
landscape effects (such as topography, water bodies and shorelines), and E is the 
value of the urban effect on M. 
 
 Thus, the above framework specifies certain implications towards the selection 
of the rural site. Firstly, the site must be located on land, which precludes the 
possibility of a marine station. Secondly, the location required should have minimal 
levels of L and E. Ideally the rural site is pre-urban in nature, unaffected by urban or 
other anthropogenic effects. This greatly reduced possible rural sites as there are few 
areas left in Singapore which have not been affected by urbanisation. The site also had 
to be sufficiently far away from the coastline to minimise the effects of water bodies. 
The central catchment area was thus excluded due to its proximity to three large 
reservoirs, and also because of the undulating terrain of the nearby Bukit Timah and 
Bukit Gombak hills. The site had to be in an area untouched by anthropogenic 
activities. In the present thesis, the predominant “natural” condition before the arrival 
of humans is tropical rainforest (Corlett, 1991).  
 
Thus, a suitable area that fulfilled the criteria from (3.1) was found in the Lim 
Chu Kang (LCK) area in the northwest section of the island. It is an area 
approximately 12 km2 consisting of predominantly secondary rainforest (Figure 3.4; 




concurrently with this thesis to aid in selection of the exact site (Appendix C1). The 
site finally selected was a relatively small opening of about 40 m2 located in the LCK 
rainforest (Figure 3.6). Given that the general characteristics of vegetation in the LCK 
area comprised mostly of tall dipterocarp trees of ≈ 10 – 15 m in height frequently 
interspersed with dense undergrowth in clearings (Figure 3.7), it was assumed that the 
site location in a small opening (as opposed to within the forest canopy) would not 
lead to critical differences in observations. A detailed map of the site shows the lack 
of buildings in the vicinity (Figure 3.8), with the closest structures being several 
chicken farms 300 - 350 m east of the site (Figure 3.9). No other buildings were 
within 500 m of the site. The elevation of the site is about 30 metres a.s.l. with the 
nearest water body (the Murai Reservoir) 2.5 km to the west (Ministry of Defence, 
2000). The selected site was 50 m from Jalan Murai road, which was consistently the 
coolest point observed during a previous UHI study in Singapore (Chow, 2002).  
 
The area was located within a zone specifically designated for military training 
purposes, and access was restricted. This was logistically advantageous as security of 
the equipment can be ensured. Checks done with the Ministry of Defence also 
confirmed that this selected area would not be physically altered by development 
during the entire study period. Soils in this area are classified as “Lokyang” (Ives, 
1977). These soils are fine sandy clay/sandy loam, and are derived from parent 
material of interbedded shales, sandstones and quartzites, which have impeded 
moisture drainage and restricts infiltrations rates, leading to frequent water-logging of 














Figure 3.7: The forest opening (≈ 40 m2) where the rural site is located. This picture (looking 
west) was taken from the gravel road adjacent to the site. 
 
 
Figure 3.8: Location of the rural site (Red Star). Note the lack of built up area surrounding the 




Figure 3.9: The chicken farms located 300 – 350 m east and south-east of the rural site are visible 





Table 3.1 lists the instruments and dataloggers used, the climatological 
parameters measured, and the location of each instrument. Photographs of each 
instrument used are presented in Figures 3.10 – 3.16. PC208 3.0 software was used as 
the software interface between dataloggers and the laptop computer. Different 
programs were written for urban and rural stations (Appendix A). The sampling rate 
for all variables was 10 seconds. Each parameter (except for rainfall, which was 
totalled hourly) was averaged over 20 min and written to final output storage for 
downloading. This relatively short averaging period allows for greater resolution in 
data analysis compared to hourly averages, and may be useful during periods when 
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Figure 3.13: CSI 014A wind speed sensor. 
 
 















Figure 3.15: CSI Q7.1 net radiometer.  
 
 








3.3.1: Urban Sites  
, there has been no general convention or standard for installing 
urban c
onsequently, some flexibility must be allowed when placing instruments at 
non-sta
treet lamps were used as an instrument platform in this present thesis. This 
has been done with success in Vancouver where the urban temperature sensor was 
Surprisingly
limate stations, although there have been recent attempts at discussion (Oke, 
2003, 2004a). Using standard WMO guidelines for siting a urban station would lead 
to several problems. It may be ideal but impossible to deploy instruments in the 
middle of the urban canyon at 2 m heights as this leads to vandalism, possible theft 
and interference from traffic. Issues of contention may arise with building owners 
reluctant to grant permission to deploy the climate instruments.  
 
C
ndard heights and locations in urban areas (Oke, 2004a). It is still nonetheless 
acceptable to compare rural T and RH data taken at WMO standard heights with 
corresponding non-standard urban data (Oke, 2004b). Several studies have been done 
on vertical T differences in urban areas. Taesler (1980) found vertical temperature 
lapse rates were close to neutral for an urban canyon in Uppsala, Sweden. Nakamura 
and Oke (1988) observed that temperature differences with height within an urban 
canyon (H/W of approximately 1) were predominantly less than 0.5 ºC in most 
weather conditions and always less than 1 ºC. To assess potential differences, a 
preliminary study on the variation of T with height between 2 – 3.5 m was also done 
at one of the suburban stations of this project (Appendix C2). The results showed that 
variations during daytime were generally very low (< 0.4 ºC), but no vertical 






mounted at 10 m height (Runnalls and Oke, 2000). Furthermore these street lamps 
allow for sensor mounting as close as possible to the canyon centre. After discussions 
with the relevant authorities, permission was obtained to deploy the instruments at a 
height of 4.5 m, which is the height limit for vehicular traffic in Singapore. The 
HMP45A/C and 034B sensors were mounted at the end of a 1 m long reinforced 
stainless steel/PVC pipe attached to the street lamp (Figure 3.17). The boom is used to 
extend the instruments away from the street lamp towards the street canyon centre. An 
environmental enclosure box housing the datalogger is also attached to the street lamp 
at 3.5 m above the surface (Figure 3.18). The box interior was insulated with 
styrofoam and the exterior was later taped with reflective silver tape to minimise T 
changes within the enclosure.  
 
 
Figure 3.17: Basic set-up of the urban climate station. The HMP45A/C and 034B sensors are 
mounted on a PVC/stainless steel boom at 4.5 m height above ground. The environmental 






Figure 3.18: The CR510 datalogger (powered by an external 12V battery) is housed within the 
enclosure. 
 
 Additional fieldwork was done to obtain the SVF of each site at 1 m height 
bove the surface (SVF1m) by using a Nikon Coolpix 6500 digital camera with a FC-
getation (i.e. grass, trees, shrubs etc.) of the area of 500 m 
dius around each urban station was also done to tabulate a simplified Vegetation 
Index (
a
E8 fisheye lens converter at a resolution of 1600 x 1200 pixels. Calculation of SVF1m 
was done via a FORTRAN program according to Grimmond et al. (2001). These 
fisheye lens images are reproduced in Appendix B. These values were compared to 
SVF estimated at station height and at surface level (i.e. SVF0m) for each site using 
calculations from Appendix A1 of Oke (1987), assuming each canyon as a 
quadrisphere. The differences found between these were insignificant in the context of 
this thesis (Table 3.2). 
 
A survey of ve
ra
V.I.) in percentage form (Table 3.3). This was done by dividing the total area 
of vegetated and soil surfaces over total surface area and multiplying by 100. While 




1990), the V.I. used in this thesis is sufficient to roughly estimate how “green” the 
immediate area surrounding the site is.  
 
After final testing and calibration, deployment of instruments was done at four 
selecte
.3.2: Orchard Road (OR) Site 
 is located in the commercial centre of Singapore 
d sites: Orchard Road (OR), Central Business District (CBD), Housing 
Development Board (HDB) flats and Low Rise Residential (LRR) houses.  
 
3
 The Orchard Road site
(Figure 3.6; Figure 3.19). The location selected is on a street (Bideford Road) that 
runs parallel to Orchard Road. Previous research in Singapore has shown that this area 
is generally associated with the maximum UHI intensities. The area within 500 m of 
the site is characterised by numerous multi-story shopping malls, hotels and 
commercial buildings (Figure 3.24), arranged in a broad belt along the length of 
Orchard Road. The variety of commercial functions present in this district attracts 
large volumes of vehicle and human traffic. The instruments were mounted on a street 
lamp (No. 4 Bideford Road) in a northwest - southeast running urban canyon 
consisting of an office building and a multi-story car park. H/W is between 2 to 2.5, 
and the SVF1m is 0.11 (Table 3.2). Sparse vegetation (i.e. isolated trees of about 5 m 
height) was found along the canyon and in the immediate vicinity of the site and this 






Figure 3.19: Location of the OR station (Red Star). Note the belt of commercial buildings and 








Table 3.2: Station SVF at different heights 
 
Site/Station height SVF1m SVFstation height SVF0m
OR (4.5 m) 0.110 0.153 0.108 
CBD (4.5 m) 0.085 0.108 0.061 
HDB (4 m) 0.300 0.322 0.278 




Table 3.3: Summary of urban site characteristics 
 
Site General urban 
characteristics of 
















Isolated trees ≈ 5 m high 








story car parks, 
small open grass 
park  
1 m high shrubs and 5 m 
high trees planted at 
regular intervals; 0.5 ha 
open grass park 200 m 





3.5 – 7 0.085 
HDB 
 
HDB flats, urban 
park, car parks 
1 ha park 100 m from 
site; numerous grass 
patches; 5 m high trees 
planted at regular 
intervals (V.I = 64%) 
 
May 2003 – 
March 2004 
2.5 – 4 0.300 
LRR Low-rise terrace 
housing 
2 – 3 m high trees 
planted at regular 
intervals; small garden 
space (≈ 20 – 30 m2) in 
front of houses (V.I = 
38%) 
May 2003 – 
March 2004 
0.5 – 1 0.498 
 
3.3.3: Central Business District (CBD) Site 
 This site is located on a street lamp (No. 2 Malacca Street) in the financial 
district in the centre of the CBD (Figure 3.6). Tall office buildings dominate the 
immediate area around the station. There is dense urban development in all directions 
for 300 m, with three of the tallest buildings in Singapore (at 280 m heights) in close 
proximity (< 100 m) of the site (Figure 3.21). The CBD is relatively close to the 




land/sea breezes cannot be excluded. The station is located in an east-west orientated 
canyon (Figure 3.22), between the OUB centre and Republic Plaza complexes. This 
contributes to the large H/W of the canyon (3.5 – 7). SVF1m is extremely low (i.e. < 
0.1). There is usually a large volume of human and vehicular traffic during office 
hours, which diminishes by the early evening. An open grass park about 0.5 ha in size 
is about 200 m away from the site, but the general area around the station has 











Figure 3.22: The CBD urban station can be seen in the centre of this picture. 
 
3.3.4: Housing Development Board (HDB) Site 
 This site is located in a HDB estate (Bedok South) on the eastern part of 
Singapore about 2 km inland from the coast (Figure 3.6). The area around the site is 
dominated by residential flats to the north, east and west of the station, but several 
surface car parks and schools are also in close proximity (Figure 3.23). The average 
height of the flats is 35 – 40 m, although the heights of relatively newer flats directly 
adjacent to the measurement location are in excess of 50 m. Like most HDB estates, a 
park of about 1 ha in size is situated 100 m west of the site, and numerous grass 
patches are also present in the general vicinity of the site. The V.I. here is the highest 
recorded of all sites (64 %). A landfill hill (about 15 – 20 m in height) orientated on 
an east-west axis is located 200 m south of the station. Unlike the other sites, the 
instruments at this suburban station were mounted on a lamp post over a rectangular 




contributes to the relatively low SVF1m of 0.3. H/W of this area varies between 2.5 




Figure 3.23: Location of the HDB station in the Bedok South estate (Red Star). Note the 










3.3.5: Low Rise Residential (LRR) Site 
 This site is located in a district of low-rise residential terrace and semi-
detached housing about 2.5 km north from the coast (Figure 3.6). The average height 
of houses is about 10 metres, with H/W of 0.5 – 1. Consequently, SVF1m is larger than 
other urban stations. This district (Katong – Joo Chiat) is predominantly made up of 
low-rise houses that can be seen in aerial photographs in Appendix B. Small lawns (≈ 
20 – 30 m2) are regularly observed in front of these houses, but generally the area has 
relatively less green space compared to the HDB site (V.I. = 38 %). The station is 
mounted on a street lamp (no. 11, Tembeling Road) on a narrow two-lane street 
between two rows of houses (Figure 3.25). The instruments were mounted at a height 
of 3 m (instead of 4 – 4.5 m as at other sites) on a boom extending parallel to the road 
rather than perpendicular (Figure 3.26). This height was selected because the lower 
building heights may not produce sufficient mixing of air to establish zero vertical 
temperature gradients. A short experiment on temperature variation with height 
between 2 m – 3.5 m was conducted to ensure that no temperature gradient was 





Figure 3.25: Location of the LRR station in the Katong – Joo Chiat area (Red Star) (Source: 










3.3.6: Rural Site  
In accordance with World Meteorological Organisation (WMO) guidelines 
(WMO, 1971), the HMP45A/C, 014A, 024A and Q7.1 sensors were installed on a 
tripod at 2 m height above the surface (Figure 3.27). The rain gauge was installed on a 
level platform 5 m away from the tripod at 1 m height above the surface (Figure 3.28). 
These instruments were installed on 25 January 2003 and data recording commenced 
from 1 February 2003. In 26 September 2003, the CR615 sensor was installed at the 
base of the tripod (Figure 3.29), and soil moisture measurements commenced. All 
instruments were connected to a CR10X datalogger housed in an environmental 
enclosure box. For further protection against weather elements and possible animal 
disturbance, the enclosure was covered with a protective plastic basket and placed on 
a wooden platform below the tripod (Figure 3.30). The area was then cordoned off 
and signs were placed to deter potential vandals. The site was dismantled on 8 April 







Figure 3.27: Tripod installed at rural site. The HMP45A/C is visible in the centre; the 014A is 
mounted on the right end of the crossbar and 024A is mounted on the left; the Q7.1 is mounted 
perpendicular to the tripod crossbar.  
 
 



















3.4: Secondary Data 
 
 Although primary rainfall data was collected from the LCK site, it would be 
inaccurate to extrapolate these readings for all sites due to frequent localised rainfall 
events in Singapore (Chia and Foong, 1991). Therefore, additional rainfall data was 
obtained from stations maintained by the MSS which were close to urban sites. Table 
3.4 documents the stations selected and the approximate linear distance from the 
closest urban site. The quality of this secondary data is questionable since these 
stations are not ideally suited to record appropriate rainfall data (Oke, 2003). For 
example, station 79.1 (the PUB HQ building) is located on a rooftop surrounded by 
buildings of similar heights, which would affect precipitation measured due to the 
wind envelope of the nearby buildings (Oke, 2004b). Nevertheless, data from these 
stations is still preferable to extrapolating rainfall data from Changi meteorological 
station located on the eastern tip of the island approximately 20 km from the OR and 
CBD sites.  
 
Table 3.4: MSS rainfall stations chosen for the present study 
 
Urban site MSS rainfall station  
(Station location number) 
Approximate linear distance from 
urban site 
OR PUB HQ Building (79.1) 0.34 km 
 
CBD PUB HQ Building (79.1) 2.31 km 
 
HDB Chai Chee Industrial Park (61.0) 1.51 km 
 
LRR Poole Road (78.1) 1.15 km 
Source: Virtual Map, 2003. 
  
 Other key secondary data obtained from the MSS include cloud cover and 
height. Unfortunately, the only station that records continuous cloud data is at the 
abovementioned Changi meteorological station. The spatial distribution of clouds is 




measured at 10 m height from Changi was also obtained to note changes in wind 
speed and direction. Although U and wind direction data at each station was also 
recorded with the 034B sensor, these observations are of limited use in analysis as 
they are entirely dependent on the specific features of the urban canyon itself and bear 
little resemblance to the general flow above the canopy layer (Oke, 2004b).  
 
3.4.1: Classification of Seasons 
The secondary data from the MSS allows for the classification of seasons 
during the study period. This is important because a major part of subsequent data 
analysis involves examining seasonal trends in data.  
 
Attention was focussed on changes in regional wind direction which are the 
primary indicator of the onset of each monsoon. Initially, winds were from NE in 
March 2003, which switched to predominantly S – SW winds from May 2003, and a 
further switch to N – NE winds occurred from November 2003 to the end of the 
observation period (Figure D1 in Appendix D). Thus, May 2003 and November 2003 
marked the start of the SW and NE monsoon seasons respectively. The inter-monsoon 
periods are generally known to occur during the March and September equinoxes, and 
are characterised by frequent afternoon rainstorms and relatively calm winds due to 
the migration of the Inter-Tropical Convergence Zone over the equator (Chia and 
Foong, 1991). However, the duration of these periods need to be specified. Thus, 
determination of the two inter-monsoonal periods was based on examining trends in 
other climate parameters (i.e. secondary wind speed, cloud and rainfall data from the 





First, rainfall data from the MSS stations (Table 3.4) and from the rural (LCK) 
station is combined and plotted (Figure 3.31). An important indicator is that higher 
monthly rainfall is observed in the period of March – April and September – October, 
which precedes the onset of the SW and NE monsoons in May and November 
respectively. Second, these two periods have generally lower mean wind speeds and 
low cloud cover than observations in both monsoon seasons (Figure 3.32 and 3.33). 
Thus, the periods of March – April (Pre-SW) and September – October (Pre-NE) are 
categorised as inter-monsoon periods, with the periods of November – February (NE) 
and May – August (SW) classified as the monsoon seasons respectively.  
 
The NE season is characterised by higher monthly rainfall, with the exception 
of February, which is the driest and windiest month in the study period. Conversely, 
the SW season is drier than the NE and experiences lower monthly rainfall. Therefore, 
the following classification of seasons used in the analysis of the present data is 
suggested (Table 3.5):  
 
Table 3.5: Classification of seasons from March 2003 – March 2004 
 
Seasonal class Months included Meteorological conditions 
Pre-Southwest Monsoon 
(Pre-SW) 
March – April 2003; 
March 2004 
Low mean wind speed; frequent afternoon rain, 
and low mean low cloud cover; winds from NW 
– NE 
 
Southwest Monsoon (SW) May – August 2003 Lowest seasonal rainfall; slightly higher mean 
low cloud and mean wind speeds compared to 




September – October 
2003 
Low mean wind speed; frequent afternoon rain, 
and low mean low cloud cover; winds from S – 
SW  
 
Northeast Monsoon (NE) November 2003 – 
February 2004  
Highest seasonal rainfall (with the exception of 
February), highest seasonal mean low cloud 
cover, and highest seasonal mean wind speeds; 




























Figure 3.31: Monthly rainfall at MSS stations (Table 3.4) and at the rural (LCK) site measured 
from March 2003 – March 2004 (Note: No data available from March – May 2003 for MSS 
























Figure 3.32: Monthly mean wind speeds from Changi meteorological station (measured at 10 m 

























Mean Low Level Cloud
 
Figure 3.33: Monthly mean low cloud data at Changi meteorological station observed from 
March 2003 – March 2004. 
 
3.5: Fieldwork Program, Data Quality and Calibration of Sensors 
 
The fieldwork sites were visited once every 7 – 14 days for general site 
maintenance for data download during the 13 month observation period from 1 March 
2003 – 31 March 2004. Each site visit was documented in fieldwork logbooks which 
noted details such as the time and weather conditions of each visit, periods of 
equipment failure etc. At the rural site, the rain gauge was flushed regularly to prevent 
leaf detritus from clogging the funnel. Irregular removal of soil core samples at the 
site was also done for the purposes CR615 sensor calibration. This was done via 
gravimetric soil moisture analysis as described by Johnson (1962). The agreement 
between the probe data with gravimetric analysis was generally good (Figure 3.34), 
with a negligible overestimation of the CR615 probe data which does not impact on 
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Figure 3.34: Agreement between values from CR615 probe and gravimetric measurements taken 
for calibration. 
 
Calibration of all HMP45A/C sensors was also performed before and after the 
fieldwork period. Comparisons showed small systematic errors in both T and RH 
data. The raw observations were subsequently adjusted to minimise the systematic 
difference (Table 3.6). Every effort was made to have continuous data acquisition. 
However, it was not possible to avoid occasional loss of data and periods of data loss 
are listed in Table 3.7.   
 
Table 3.6: Magnitudes of correction applied to HMP45A/C sensors based on pre/post fieldwork 
calibration  
 
Station  T correction (˚C) RH correction (%) 
Bideford Road (BR) 
 
+0.15 +0.5 
Malacca Street (MS) 
 
-0.15 -1.5 
Bedok South (BS) 
 
+0.1 +1 







Table 3.7: Data loss periods 
 
Time period (Approximate duration in 
days) 
Station Reason for equipment 
failure  
Data lost 
21 March 2003 1000hrs to 8 April 2003 
0940hrs (18) 




1 April 2003 2200hrs to 14 April 2003 
2220hrs (13) 




8 April 2003 1400hrs to 22 April 2003 
1540hrs (14) 
 
Rural HMP45 sensor failure  T, RH, e,  
18 August 2003 0740hrs to 27 August 
2003 0820hrs (9) 
 
Rural Q7.1 net radiometer 
removed  
Q* 
5 September 2003 2120hrs to 16 
September 2003 1200hrs (11) 
 
Rural CR10X datalogger failure ALL 
8 January 2004 0540hrs to 3 Feb 2004 
2320hrs (27) 
 
TR CR510 datalogger failure ALL 
2 March 2004 0800hrs to 31 March 2004 
2340hrs (29) 
 
Rural Q7.1 net radiometer 
removed  
Q*  
14 March 2004 1440hrs to 18 March 2004 
1140hrs (4) 
TR CR510 datalogger failure ALL 
 
 Various time formats can be used to present data. The number of daylight 
hours in Singapore (approximately 12 hours each day) is relatively constant 
throughout the year due to its equatorial position, hence normalisation of the yearly 
time scale as done by Runnalls and Oke (2000) was not necessary. For accuracy in 
separating daytime and nocturnal periods for the data, precise ephemeris information 
for sunrise, mid-day and sunset times for the calendar year were computed with the 
aid of the US Naval Observatory website http://aa.usno.navy.mil/data/ (US Naval 
Observatory Astronomical Applications Department, 2004). The calculations showed 
that solar noon in Singapore occurs between 1300 – 1310 hrs LT (GMT +8 hrs), 
sunset occurs between 1850 – 1910 hrs LT and sunrise occurs between 0650 – 0710 
hrs LT. Given the small diurnal range of sunrise and sunset times for the duration of 
the study, these were thus standardised at 1900 hrs and 0700 hrs LT respectively for 




 Apart from this, the Local Apparent Time (LAT) for Singapore was calculated 
according to Oke (1987). This is a more accurate indicator of actual solar time for 
Singapore’s geographical location. On average, LAT is +7 hrs GMT, or one hour 
behind LT, with relatively minor monthly variation ranging from –9.6 to +20.4 
minutes. Thus, LAT of +7 hrs GMT is the time scale used in this present thesis, 






























4.1: Temporal Variation of UHI 
 
This chapter attempts to answer the first objective of this thesis, which is the 
observation and analysis of the temporal dynamics of the canopy-level UHI. 
Temperature data is described and analysed with respect to different time-scales (i.e. 
on a daily, monthly and seasonal basis). The temporal differences in UHI are 
discussed in relation to several factors. The impact of synoptic wind speed and low 
cloud on UHI are also analysed. Finally, comparison of the results of the present 
thesis with other temperate and tropical studies will be examined. As noted in the 
previous chapter, all times are in LAT unless specified otherwise. 
 
4.1.1: Daily Variation of UHI 
An overview of the daily variation of mean air temperature (T) from all 
stations for duration of the entire study period is plotted (Figure 4.1). A greater 
diurnal range (7 ºC) of rural temperature (Trural) was observed. The range of 
temperatures in urban areas (Turban) was notably less (3 – 3.5 ºC). Mean daily T was 
observed to be highest at the Orchard Road (OR) site, followed by the Low-Rise 
Residential (LRR) site, the Central Business District (CBD) site and the Housing 
Development Board (HDB) site. Highest mean temperatures were generally found at 
the rural site at midday, but Turban generally exceeded Trural from 1400 hrs at OR and 
1600 hrs at HDB. Mean nocturnal air temperatures were highest at OR and lowest at 
HDB, but LRR and CBD were observed to have approximately similar mean T after 
sunset. These elevated Turban persisted throughout the night and until 2.5 hrs after 









































































Figure 4.1: Daily variation of annual mean air temperature (T) measured at the Orchard Road 
(OR), Central Business District (CBD), Housing Development Board (HDB), Low Rise 
residential (LRR) and the rural stations from March 2003 to March 2004. 
 
Diurnal variation of UHI at all 4 sites based on the entire observation period is 
derived by subtracting mean Turban of each urban station with the corresponding Trural 
(Figure 4.2). Values were generally positive from 1300 hrs to 1000 hrs at OR and 
LRR, and from 1500 hrs to 0900 hrs at CBD and HDB. Negative UHIs (i.e. when the 
city is cooler than the rural surroundings or the “cool island effect”) existed at other 
times. Mean UHI intensities at OR were consistently larger compared to CBD and 
LRR, with the largest difference of 0.8 ˚C observed at 2000 hrs. Conversely, mean 
UHI intensity at HDB was consistently lower than the other sites, with the largest 
difference between the OR and HDB UHIs of 1.2 ˚C also documented at 2000 hrs. 
The UHI at CBD and LRR were generally similar during the nocturnal period. 
Highest mean UHI was about 3.9 ˚C at OR, which is lower than mean UHIs observed 
in temperate cities [e.g. Hamilton (6 ˚C) (Oke and Hannell, 1970) and Buenos Aires 
(5 ˚C) (Figuerola and Mazzeo, 1998)], but are similar in magnitude to mean UHIs 
found in other tropical cities [e.g. Mexico City (3 ˚C) (Jauregui 1986b) and 





































































Figure 4.2: Diurnal variation of mean UHI intensity from March 2003 to March 2004. 
 
The OR UHI peaked between 2000 – 2100 hrs and decreased slightly 
thereafter until about 0500 hrs. The UHI levelled off until sunrise where a small but 
systematic secondary rise in UHI (≈ 0.1 ˚C) was observed. This was followed by a 
rapid decrease until it disappeared completely by about 1000 hrs. The diurnal UHI 
curves for the other three stations follow a rough quasi-sinusoidal shape without the 
early evening peak evident at OR. On average, peak mean UHI intensities for CBD (3 
˚C), HDB (2.8 ˚C) and LRR (3.1 ˚C) occurred at midnight, followed by a minimal 
decrease in intensity until 0500 hrs, after which UHI stabilised. The ensuing “cool 
island” had a larger peak at HDB and CBD (≈ 1.7 ˚C) compared to OR and LRR (≈ 
0.5 ˚C).  
 
Timing of initial UHI development differed between urban sites. Mean UHI 
developed earlier (≈ 1300 – 1330 hrs) at OR and LRR compared with CBD and HDB, 
where UHI only commenced after 1500 hrs. By sunset, UHI intensity at OR reached 
about 80% (3 ˚C) of its maximum value, as compared to 66% at CBD (2 ˚C) and LRR 
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(2.1˚C), and approximately 56% (1.5 ˚C) at HDB, which implies a quicker rate of 














































































Figure 4.3: Diurnal variation of mean hourly warming/cooling rates (∆T/∆t) from March 2003 – 
March 2004 at all urban and rural stations. 
 
Mean hourly temperature warming/cooling rates (∆T/∆t) for March 2003 – 
March 2004 at all sites are plotted (Figure 4.3). It is seen that UHIs develop as a 
consequence of different urban and rural cooling rates. Cooling at all urban sites 
started at about 1300 hrs, which coincided with the start of UHI growth in Figure 4.2. 
Cooling rates for OR, CBD and HDB increased until sunset, when peak cooling 
occurred at an approximate rate of 0.4 ˚C h-1 (Figure 4.3). This rate subsequently 
decreased steadily in magnitude until about 2030 hrs and remained constant at a rate 
between 0.15 – 0.2 ˚C h-1. Peak cooling rates at LRR were generally larger compared 
to the other urban sites before sunset (> 0.5 ˚C h-1 at 1730 hrs), but mean LRR cooling 
rates eventually stabilised at cooling rates similar to the other urban sites. 
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Cooling at the rural site commenced at similar times to the urban stations, but 
rates were larger. Mean rural cooling rates were approximately double the rate of 
urban cooling in the late afternoon, reaching a peak of 1.1 ˚C h-1 just after sunset. A 
reduction in the magnitude of rural cooling rates occurred from 1830 hrs, and this 
eventually matched the steady rate of urban cooling at 2130 hrs. The difference 
between urban and rural cooling rates during this early evening period coincided with 
rapid UHI development at all sites. When urban and rural cooling rates eventually 
stabilised from 2130 hrs, heat island growth became negligible. At about 0330 hrs, 
mean rates of rural cooling were lower than urban cooling and remained so until 
sunrise, which resulted in a small decline in UHI intensity. Finally, UHI intensities 
decreased rapidly due to the high rates of warming at the rural area after sunrise (i.e. 
warming rates of up to 2.3 ˚C h-1).  
 
The magnitudes of rural and urban ∆T/∆t observed in Singapore were much 
smaller than those found in several temperate cities. Peak summer cooling rates in 
rural areas in Montreal (2.8 ˚C h-1) and Vancouver (3 ˚C h-1) are significantly higher, 
as are those of urban areas (1 ˚C h-1 for Montreal and 1.5˚C h-1 for Vancouver) (Oke 
and Maxwell, 1975). Urban cooling rates in these cities were also observed to 
fluctuate throughout the nocturnal period in contrast to the steady rates of cooling 
observed in Singapore after 2030 hrs. However, a similar timing of peak rural cooling 
immediately after sunset in temperate UHI studies is noted. Unfortunately, tropical 





4.1.2: Monthly Variation of UHI 
 Nocturnal UHI data from all sites was subsequently averaged and classified 
into monthly periods for analysis. These were plotted on a graph of monthly mean 
UHI (Figure 4.4), with the error bars representing the standard deviation of mean UHI 
for each respective month. The months are also grouped into the seasonal 



























NESW Monsoon NE Monsoon
 
Figure 4.4: Mean monthly UHI data (with standard deviation) for all hours of the nocturnal 
period for 4 urban stations (Note: No HDB and LRR data from Mar – May 2003). 
 
 Clear seasonal distinctions in mean monthly UHI was observed at all stations. 
The magnitude of mean UHI gradually increased from the start of the observation 
period in the Pre-SW season in March 2003 to a peak during the SW season in June. 
Subsequently, a gradual decline in monthly UHI intensity was observed, with 
minimum values measured during the NE monsoon months of January and February, 
before a final increase in mean UHI during the Pre-SW season in March 2004. 
Monthly mean UHI measured at OR was consistently the largest observed for all sites 
throughout the study period. Maximum monthly mean UHI of about 4.5 ºC was 
documented at OR in June, with a standard deviation of approximately 1 ºC.  ±
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 A notable drop in mean UHI intensity was documented at the CBD site from 
the start of the SW season in May, and monthly CBD UHI was the lowest recorded at 
all sites from June – August. However, the magnitude of monthly UHI at CBD 
increased at the start of the Pre-NE season in September, and magnitudes of the CBD 
UHI were similar to those at LRR for the rest of the study period. This resulted in the 
monthly UHI at HDB having the lowest intensities of all sites from September.  
 
The daily maximum UHI (i.e. UHIMAX) during the observation period 
excluding daytime data was also tabulated for each site. From this, the mean UHIMAX 
(i.e. the average of daily UHIMAX per month) of each respective month was plotted 
(Figure 4.5). The resulting graph is similar to Figure 4.4, with mean monthly UHIMAX 
at OR consistently highest at all sites. Peak mean UHIMAX at OR was also seen in 
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Figure 4.5: Mean monthly UHIMAX data for all weather conditions from 4 urban stations (Note: 
No HDB and LRR data from Mar – May 2003). 
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Excluding anomalous daytime UHI events caused by rainstorms, the highest 
value of UHIMAX found during the observation period was 7.07 ˚C at 2100 hrs LAT 
(2200 hrs LT) at the OR station, on 17th May 2003 (SW season) in conditions of light 
wind (≈ 1 m s-1) and no cloud cover. A tabulation of nocturnal UHIMAX magnitude 
and timing was done according to seasons (Table 4.1), and the majority of peak 
nocturnal UHIMAX during each month occurred 1 – 3 hrs after sunset at all stations. It 
could be noted that timings of seasonal UHIMAX seen from Table 4.1 are contrary to 
results of diurnal mean UHI (Figure 4.2), where peak mean UHI at LRR, CBD and 
HDB occurred close to midnight, implying that monthly UHIMAX at these sites were 
possibly anomalies in the respective data sets.  
 
Other observations from Table 4.1 showed that a similar trend of high SW 
seasonal UHIMAX and low NE seasonal UHIMAX was seen at all stations. Magnitudes 
of CBD, HDB and LRR monthly UHIMAX consistently ranged between 0.3 – 2 ˚C 
lower than the OR UHI. The variability of regional climate in Singapore was seen in 
the lack of simultaneous UHIMAX at all sites. Only in the months of March 2003, June 
2003, August 2003 and March 2004 do all sites record UHIMAX at approximately 
similar times (i.e. within 1 hour between sites). 
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Table 4.1: Seasonal magnitudes and timings of UHIMAX
Season     Pre-SW SW Pre-NE NE
Station Mar 2003          Apr 2003 Mar 2004 May 2003 Jun 2003 Jul 2003 Aug 2003 Sep 2003 Oct 2003 Nov 2003 Dec 2003 Jan 2004 Feb 2004
















































































HDB N.A.    
    































LRR N.A. N.A. 6.44 ˚C 
YD88 
1900 hrs 































4.2: Weather Impacts on UHI 
 The impact of wind speed on UHI intensity was examined for cloud-free days. 
As local-scale wind speed data measured at each station was not ideal for analysis, 
data from the MSS Changi weather station was instead utilised and classified into 4 
groups (0 – 1.5 m s-1, 1.6 – 2.9 m s-1, 3 – 4.5 m s-1, and > 4.5 m s-1). The 
corresponding nocturnal UHI data for each site (i.e. median, maximum, upper and 
lower quartile UHI) are shown in Figure 4.6, with mean UHI plotted separately in 
Figure 4.7. These observations show that higher mean and maximum UHI were 
generally associated with lower wind speeds, similar to results from other cities. 
However, Figure 4.7 does not show a typical inverse curvilinear UHI – wind speed 
graph (e.g. Oke, 1998), but a more linear relationship was observed. A possible 
explanation was the variability of synoptic wind speed over each site from those 
measured at Changi meteorological station.    
4.2.1 Regional Wind Speed and Nocturnal UHI  
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Figure 4.6: Variation of daily UHIMAX with wind speed data from Changi meteorological station 
on cloud-free days in the form of box-plots. The median is the horizontal bar, the box contains 
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Figure 4.7: Relationship between mean daily nocturnal UHI with wind speed data from Changi 
meteorological station on cloud-free days.
 
4.2.2: Cloud Cover and Nocturnal UHI 
In the absence of readily available and complete cloud cover data (i.e. low, 
medium and high cloud), only low-level cloud data was used in the present analysis. 
This is thought to be a minor constraint because low-level clouds (i.e. clouds below 
1500 m such as cumulus, stratus, nimbus etc.) have greater impact on heat island 
intensity than middle- or high-level clouds (Oke, 1987; Oke, 1998). Unfortunately, the 
absence of these middle and high cloud data precludes the possibility of testing Oke’s 
‘Weather Factor’ (1998), on the Singapore UHI.  
 
The cloud data used in this thesis is also from the Changi (MSS) weather 
station on the eastern end of the island, and thus variations in cloud cover observed 
are inevitable between the Changi station and the other sites. Based on personal 
observation, different cloud conditions can exist simultaneously at the rural and urban 
sites. Therefore, the results presented below (for OR only) must be considered with 
these limitations.  
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 A generally decreasing trend of nocturnal UHIMAX with low cloud cover was 
observed for the 0 – 1.5 m s–1 and > 3 m s–1 wind speed categories (Figure 4.8), which 
is in agreement with the literature (e.g. Oke, 1987). However, there was an 
anomalous, slightly increasing trend of UHIMAX with cloud cover from wind speeds 
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Figure 4.8: Relationship between nocturnal UHIMAX at OR station with low cloud cover at 
Changi meteorological station stratified into 3 wind speed classes. (N.B. No data was available for 
Low cloud cover > 5/8 oktas)  
 
4.3: Seasonal Variation of UHI Intensity 
 
4.3.1: Seasonal Contrasts in Diurnal UHI 
 Figures 4.2 and 4.3 illustrate the dynamics of the average UHI and ∆T/∆t for a 
total period of 13 months, but they do not reveal differences which exist between 
seasons. As seen in Figures 4.4 and 4.5, UHI magnitudes do vary monthly in relation 
to seasonal changes in Singapore’s climate. To analyse this, UHI data from all sites 
was classified into four seasonal groups according to Table 3.5 and plotted in Figure 
4.9. 
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 Two distinct trends can be noticed. First, inter-monsoonal (Pre-NE and Pre-
SW) UHIs at all stations peaked 2 – 3 hrs after sunset, before a gradual decrease was 
observed. In contrast, monsoonal (SW and NE) UHI was seen to increase in 
magnitude throughout the night with a peak close to sunrise for all stations except OR, 
which peaked at midnight instead. Second, mean nocturnal UHI intensities were 
generally highest during the SW season (especially during May and June) at all sites, 
followed by the Pre-NE and Pre-SW seasons respectively. Magnitudes of mean UHI 
were lowest during the NE season especially in January and February. Maximum 
differences in UHI intensity between the SW and NE seasons at each site were 
between 1 ˚C (CBD), 1.5 ˚C (OR, LRR), to almost 2 ˚C (HDB).  
 
Seasonal differences were also seen in the average cool island. The magnitude 
of the mean cool island at all sites during SW and Pre-NE seasons was lower 
compared to NE and Pre-SW. Furthermore, no mean cool island was observed during 
the Pre-NE season for OR, CBD and LRR (i.e. the UHI was observed for 24 hrs). 
These variations in cool islands imply that seasonal changes in UHI commencement 
exist at all sites. For example, it is seen that the start of the Pre-SW UHI occurred later 
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(d)
Figure 4.9: Diurnal variations of mean UHI at OR (a), CBD (b), HDB (c) and LRR (d) sites for four seasons from March 2003 – March 2004. 
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4.3.2: Seasonal Variations in Diurnal Rural and Urban ∆T/∆t  
  
Diurnal variations of mean ∆T/∆t at both the OR and rural sites for all seasons 
were plotted in Figure 4.10. Rural cooling generally occurred after 1200 hrs for all 
seasons. However, the seasonal timing of peak rural cooling significantly differed. 
During the NE and Pre-SW seasons, peak rural cooling generally occurred before 
sunset, as compared to post-sunset peaks in the Pre-NE and SW seasons. Irregular 
daytime rates of rural cooling in the NE and Pre-SW seasons were also indicative of 
the frequent afternoon rainstorms observed during these seasons, which is in contrast 
to the gradual and consistent increase in the rate of SW and Pre-NE rural cooling 
which starts from the afternoon.  
 
 Peak magnitudes of nocturnal rural ∆T/∆t in SW and Pre-NE were slightly 
greater than NE and Pre-SW (Table 4.2). Generally, magnitudes of rural cooling rates 
decreased after sunset until they reach similar levels to OR cooling rate (0.1 – 0.25 ˚C 
h-1) at 2100 – 2200 hrs for all seasons (Figure 4.10). However, an exception was 
observed in the Pre-NE season, where rural cooling after 2200 hrs was consistently 
0.1 ˚C h-1 less than OR cooling which results in a slow decrease in UHI intensity until 
sunrise (Figure 4.9a).  
 
Table 4.2: Seasonally averaged maximum nocturnal cooling rates at all stations 
Season Maximum 
OR cooling 
 (˚C h-1) 
Maximum 
CBD cooling  
(˚C h-1)  
Maximum 
HDB cooling  
(˚C h-1)  
Maximum 
LRR cooling  
(˚C h-1)  
Maximum 
Rural cooling 
(˚C h-1)  
Pre-SW 0.23 0.25 0.35 0.49 1.06  
 
SW 0.30 0.29 0.33 0.42 1.15 
  
Pre-NE 0.31 0.33 0.34 0.45 1.31 
 













































































Figure 4.10: Diurnal variation of hourly ∆T/∆t at OR and rural sites for four seasons from March 
2003 - 2004.  
 
In contrast with rural cooling rates, mean OR cooling started 2 hrs later during 
the SW and Pre-NE seasons, but mean OR cooling commenced simultaneously with 
the rural site during the Pre-SW and NE seasons instead. Hourly OR ∆T/∆t are 
relatively small during the late afternoon period for all seasons (about 40 – 50% lower 
in magnitude compared to the corresponding rural cooling rate). Peak urban cooling 
rates were also lower when compared with rural cooling (Table 4.2). The timing of 
peak OR cooling rates varied in different seasons. Maximum OR cooling occurred 2 
hrs before sunset in the NE and SW seasons. However, OR cooling was largest 1 hr 
after sunset during the Pre-SW season, and at 0330 hrs during the Pre-NE season.    
 
As seasonal differences in urban cooling rates were small, it was therefore 
variations in magnitude of rural cooling that were responsible for seasonal variations 
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in UHI intensity. The exceptions were the larger rates of mean OR cooling observed 
during the NE season (Table 4.2; Figure 4.10), which corresponds with the lowest rate 
of rural cooling and partly explains the low seasonal UHI intensity measured during 
this period.  
 
4.4: Discussion of Results 
 
4.4.1: Urban – Rural Temperature Differences 
 Oke et al. (1991) have stressed that the two key variables in heat island 
causation are differences in thermal admittance and canyon geometry between urban 
and rural areas, with the former variable especially important in cities where 
anthropogenic heat is not a factor in UHI causation. The impact on these two factors 
along with several others will be discussed below.  
 
As seen in previous sections, the UHI is mainly derived from greater 
differences in the rates of rural cooling as opposed to urban cooling. A key reason is 
the differing urban-rural values of thermal admittance (µ). The higher values of urban 
thermal admittance (µurban) are reflected in the slower rates of urban temperature 
changes observed at sunrise and sunset. Materials that compose the urban mosaic 
generally take up or release energy at lower rates compared to rural areas, therefore 
resulting in a more conservative thermal climate. Furthermore, as µ also dictates the 
amount of energy stored within a material (QG), the lower rural thermal admittances 
(µrural) would result in lower rates of rural cooling as QG values drop towards the end 
of the nocturnal period. This is indicated in Figure 4.3, where mean rural cooling rates 
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are seen to drop below urban cooling rates after 0330 hrs, albeit at a relatively small 
magnitude (< 0.1 ˚C h-1).   
 
To estimate the µrural of the sandy-loam Lokyang soils at the LCK site, a 
derivation of the Brunt (1941) equation was used:  
2/1
2/12/1
*2 tLT st ⎟⎟⎠
⎞
⎜⎜⎝
⎛−=∆ − µπ      (4.1) 
Where ∆Tt-s is the decrease of temperature in the time (t) from sunset. It is assumed 
that no heat transfer occurs from the air to rural surface via conduction.  
 
From examining the mean nocturnal Q* (which translates to L* at night) data 
obtained at the rural station (Figure 4.11), and by calculating the mean temperature 
change at the rural site from sunset, the value of µrural obtained after (4.1) ranged from 
1000 – 1400 J m-2 s-1/2 K-1 throughout the study period. In comparison, a dense 
concrete slab has a value of 2800 J m-2 s-1/2 K-1 (Oke, 1981), and estimates of µrural of 
Vancouver ranged from 1050 – 2350 J m-2 s-1/2 K-1 (Runnalls and Oke, 2000). 
Unfortunately, significant problems exist when obtaining a representative value for 
µurban due to the different materials used in the urban landscape (concrete, tarmac, 
glass etc.), as well as the complex geometric configuration of a city as opposed to a 



























Figure 4.11: Mean nocturnal Q* data at the rural site from March 2003 – February 2004. 
 
 Mean monthly wind speed data from LCK indicated that predominantly calm 
conditions were generally observed during the fieldwork period (Figure D2 in 
Appendix D). This could be due to the vegetation surrounding the site functioning as a 
windbreak. However, it must be stressed that the wind sensor only detects the 
conditions of the immediate area surrounding the station that, however, are assumed 
to be representative of the regional or synoptic wind conditions above the rural area. 
The absence of windy or turbulent conditions at the rural site promotes increased loss 
of long-wave radiation compared to the better-mixed urban environment, resulting in 
the greater rural cooling observed post sunset (Figure 4.3).  
 
Runnalls and Oke (2000) noted that the presence of fog at sunrise leads to 
rural areas having delayed warming for up to a maximum of 3 hrs for the UHI 
observed in Vancouver. This fog impedes warming of the rural surface post-sunrise, 
and also cools the surface through long-wave radiation flux divergence (Oke, 1987). 
In the present study, fog and surface dewfall were regularly observed at the rural site 
 92
at dawn. This could explain the small but systematic increase in UHI (≈ 0.1 ˚C) found 
just before sunrise at all sites (Figure 4.2). However, this is mainly an ephemeral 
phenomenon, and the fog and surface dew are regularly dissipated by sunrise, and 
rural warming then occurs thereafter.  
 
Seasonal differences have been shown to exist between urban/rural ∆T/∆t 
rates, especially in the magnitude and timing of urban and rural cooling rates, but this 
will be explained in greater detail in Chapter 5, when the critical impact of different 
seasonal precipitation regimes on UHI development are discussed. 
 
4.4.2: Intra – Urban Temperature Differences 
 Figure 4.3 shows LRR consistently has greater rates of mean ∆T/∆t 
before/after sunrise and sunset for the entire fieldwork period. This could be partly 
explained by differences in µurban between sites. For instance, less concrete and tarmac 
on the LRR surface would result in a lower µ and a less conservative thermal 
environment. Another possible explanation is the relatively higher SVF1m (ΨS = 0.5) 
which results in a relatively greater loss of long-wave radiation to the sky compared to 
the other urban sites. Conversely, the greater exposure at LRR explains comparatively 
rapid heating seen immediately after sunrise.  
 
The higher ΨS implies that the OR (LRR) UHI should be the highest (lowest) 
observed at all sites, given that an inverse linear relationship between SVF and 
UHIMAX is documented for several temperate cities (Oke, 1981; Oke, 1988a). 
However, this relationship is not documented for both mean and maximum nocturnal 
 93
UHI in this present thesis (Figure 4.12), with mean and maximum UHI at CBD 
























Figure 4.12: Observed values of mean UHI for the entire nocturnal period and absolute values 
UHIMAX taken during the entire study period vs. calculated values of sky view factor taken at 1 m 
height (SVF1m).  
 
 
This anomaly could be partly explained by the variation in surface 
morphology between the HDB, CBD and LRR sites. Precincts in HDB estates 
generally have designated areas for “green spaces” (i.e. parks, open grass fields etc.) 
for various aesthetic, social and environmental reasons (Cheong-Chua, 1995; Teo et 
al., 2004), and this was reflected in the high V.I. (64%) for the HDB site. A 1-ha park 
lies in close proximity to the HDB weather station, together with trees of 5 m height 
and shrubs planted in a regular, managed fashion throughout the estate. Similarly, the 
presence of the open grass park within 200 m of the CBD site could also be a factor in 
the relatively low UHI observed, although possible coastal impacts may be greater 
and will be discussed subsequently. Toh (1990) has noted an inverse relationship 
between green space quantity and documented UHI intensity for several HDB estates, 
and it is possible that greater evapotranspiration and lower µ of the green spaces 
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would reduce the amount of energy available for storage heat flux and hence promote 
weaker UHI development.  
 
 It may be possible that the nature of the surrounding buildings relative to the 
LRR site could be a factor in the relatively high UHI there. A cluster of HDB flats in 
Marine Parade estate is located to the south of the station near the coast (Figure B2 in 
Appendix B) and could act as a wind-break which potentially reduces the nocturnal 
sea breeze and its cooling influence on T. The local wind at the site is predominantly 
from the SE – SW for the majority of the observation period, but wind speeds 
recorded were generally lower than at the nearby HDB site, which had the highest 
mean local wind speeds of all sites (Figure D2 in Appendix D). Less turbulent 
conditions potentially results in higher UHI intensities, and could explain the higher 
UHI observed at LRR compared to HDB. A similar wind-break effect due to tall 
buildings next to a water body was observed in Kuala Lumpur by Sham (1990/1991).  
  
 Despite having the lowest SVF of all sites, CBD had consistently lower 
observed UHI compared to OR, with magnitudes similar to the LRR UHI. Several 
factors could account for this. First, the close proximities of the Singapore River and 
Marina Bay to the CBD site could potentially lower nocturnal temperatures due to the 
localised sea breezes. Second, turbulence in the CBD will be exacerbated by the 
funnelling effect of the narrow canyons. Mean monthly wind speeds measured at the 
CBD site were generally higher than those at OR (Figure D2 in Appendix D). These 
two factors would explain the low monthly CBD UHI during the SW monsoon given 
the prevailing wind will be from the coast (Figure 4.4). Third, the high SVF ratio 
prevents solar radiation from reaching canyon floors during daytime and may reduce 
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nocturnal energy released from heat stored during the day. This can be observed by 
the low rate of CBD cooling immediately after sunset (Figure 4.3). Fourth, a lack of 
anthropogenic activity after the evening rush hour could also account for the lower 
UHI. This is in contrast to the high human and vehicular traffic observed at OR. 
However, the expected decrease in UHI intensity after the end of the rush hour was 
not seen in the OR data, which implies that anthropogenic activity may not be a 
significant factor in the lower UHIs in the CBD, or higher UHI at OR.   
 
 Thus, although canyon geometry is a key factor in UHI causation and 
intensity, it appears that locational and surface morphology variations in this present 
study are of greater impact on UHI magnitudes seen in the data. 
 
4.5: Comparison with Temperate and Tropical UHI Studies 
 
4.5.1: Comparison of UHIMAX with Singapore UHI studies 
 The present observations are similar to the previous studies reviewed in 
Chapter 2. Similar to findings from Nieuwolt (1966), MSS (1986), and Goh and 
Chang (1998), the largest nocturnal ∆Tu-r was consistently found in the commercial 
area of the city at Orchard Road. Seasonal variation of peak UHI also matches the 
findings of MSS (1986) and Goh and Chang (1998), with temperatures observed 
during the SW monsoon season. However, the UHIMAX observed in the present study 
(7.07 ˚C) is approximately 2 ˚C higher than previously observed. Monthly UHIMAX 
recorded in each season are also significantly higher than those presented by MSS 
(1986), and Goh and Chang (1998). Similar results are seen when the 2200 hr (LT) 
UHIMAX from this study is contrasted over different seasons (Table 4.3). However, a 
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proviso is that the weather conditions under which observed UHIMAX for these two 
studies are not known, and Table 4.3 shows the upper range of UHI data from these 
papers. 
Table 4.3: Comparison of UHIMAX values for Singapore 




2200 hr LT 
UHIMAX
MSS (1986) Goh and Chang 
(1998) 
Southwest Monsoon 7.07 7.07 “Over 5” 4.8 
 
Pre-Northeast Monsoon 6.58 6.07 N.A. 3.5 
 
Northeast Monsoon 5.91 5.49 “Under 2.5” 2.5 
 
Pre-Southwest Monsoon 6.48 5.84 N.A. 3.3 
Note: Peak UHI for MSS (1986) and Goh and Chang (1998) are observed at 2200 hr LT. 
   
4.5.2: Comparison with other UHI studies 
 The results from this thesis share several similarities with other UHI studies. 
The higher mean and maximum UHIs observed during the drier SW monsoon period 
are similar to seasonal observations of UHI in other tropical cities 
(Padmanabhamurty, 1986; Adebayo, 1987; Jauregui 1997). The inverse relationship 
between wind speed and cloud cover with UHI intensity is also documented in 
numerous other UHI studies (e.g. Ackerman, 1985; Eliasson, 1996b; Figuerola and 
Mazzeo, 1998; Magee et al., 1999). The impact of coastal winds which lower UHI 
intensity in other studies (e.g. Nasrallah et al., 1990; Runnalls and Oke, 2000), is also 
observed in the lower UHI documented at the CBD. However, the inverse linear 
relationship between ΨS and maximum nocturnal UHI intensity observed in other 
cities (e.g. Oke, 1991; Oke, 1988a) is not observed in the present thesis.  
 
The UHIMAX from the present study was added to a plot of UHI vs. population 
summary observations from cities in various climate zones is plotted in Figure 4.13. 
This graph was largely based from Figure 2.5 with added information from Oke 
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(personal communication). Only UHI intensities recorded under “ideal” conditions 
(i.e. calm winds and cloudless) are included in this figure. The data is separated into 
temperate cities (i.e. “North American Cities” and “European Cities”), and “Tropical 
hot/wet cities” (Köppen classification Af, Am) and “Tropical hot/dry cities” (Aw, BSh, 
BWh, Cwa, H). Peak UHI in Singapore lies at the upper end of the range of tropical 
hot/wet cities, but is lower than temperate cities with a similar population.  
 
The reasons for the difference between UHIs in North American and European 
cities include lower artificial energy flux densities, lower heat capacity of the urban 
fabric and greater evapotranspiration in European cities (Oke, 1973). Variations in 
UHIMAX between temperate and tropical cities have been explained by higher surface 
albedo (e.g. lighter coloured rooftops) and lower thermal emissivity (e.g. from 
corrugated rooftop iron sheets) of the tropical urban surface (Oke, 1986), although it 
is noted that this factor only applies for cities in less developed tropical countries. 
Lower levels of tropical anthropogenic combustion and higher air pollution in tropical 
cities have also been cited as a reason (Oke, 1986), as well as deeper tropical urban 
canyons which reduce solar absorption and produce a cool island (Oke et al., 1991). 
However, the key factor for temperate/tropical UHI difference is moisture availability 
(Oke, 1986; Oke et al., 1991; Imamura, 1993), and this factor explains the lower 
tropical UHIMAX in Figure 4.13. This impact of moisture will be discussed further in 
the next chapter. 
 
 The temporal development of mean OR UHI from Figure 4.2 is contrasted 
with similar mean UHI data from other cities in Figure 4.14. The data is plotted on a 
normalised time axis (i.e. 0 to 2, with 0.5 = sunset and 1.5 = sunrise). A difference is 
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seen between tropical UHIs either developing throughout the nocturnal period 
resulting in a peak at or close to sunrise (e.g. Mexico City, Guadalajara), or having 
dual peak UHI, with one after sunset and one just before sunrise (e.g. Delhi, Pune).  
This is contrasted to summer UHI development in Vancouver, where a single peak is 
detected midway between sunset and midnight.  
 
Variations of mean nocturnal UHI in Singapore are much smaller (< 1 ˚C) 
compared to other tropical cities. There is an indication of dual peaks (a large one at 
2100 hrs and a smaller one at sunrise), which is similar to the UHI observations seen 
in Delhi (Padmanabhamurty and Bahl, 1982), and Pune (Padmanabhamurty, 1979). 
The initial post-sunset peak in Delhi and Pune was explained as the result of rural 
cooling rates peaking with respect to lower rates of urban cooling, while the 
secondary pre-sunrise peak was attributed to anthropogenic causes. For the OR UHI, 
the initial peak results from rural cooling rates dropping to match urban cooling rates 
about 2 – 3 hrs after sunset (Figure 4.3). The small second peak at sunrise could be 





































Figure 4.13: UHIMAX plotted against urban population with corresponding regression lines (After Oke, 1973 and Jauregui, 1986a; additional data from Oke, 









































Figure 4.14:  Mean UHI development of selected cities plotted against normalised time. Data is from Mexico City (6 days) (Jauregui, 1986b), Guadalajara (31 days) 
(Jauregui et al., 1992), Delhi (2 days) (Padmanabhamurty and Bahl, 1982), Pune (1 day) (Padmanabhamurty, 1979) and Vancouver - summer (3 days) (Oke and 
Maxwell, 1975).  
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Moisture, in the form of atmospheric humidity, surface wetness and soil 
moisture, has been known to impact UHI intensity and dynamics (e.g. Oke, 1986; 
Imamura, 1993), and this chapter examines and discusses this relationship to answer 
the second objective of this thesis. Data on air humidity are described and discussed in 
relation to the heat island. Precipitation impacts on the UHI in the form of surface and 
soil moisture in urban/rural areas are also documented and discussed. Lastly, the 
relationship between soil moisture and rural air temperature is studied.  
 
5.1: Urban Moisture Excess and UHI  
 
5.1.1: Urban and Rural Humidity Field Data 
Diurnal variation of mean vapour pressure (e) for the study period is plotted in 
Figure 5.1. Absolute values measured were high (27 – 30 hPa) compared to mean 
summer values observed in temperate climate cities [e.g. 7 – 12 hPa in Göteborg 
(Holmer and Eliasson, 1999) and 13 – 15 hPa in Munich (Mayer et al. 2003)]. A 
possible reason for this is the insular nature of Singapore where moisture is 
continuously evaporated from surrounding water bodies and hence contributes to the 
high vapour pressures documented.  
 
Mean vapour pressure at LRR has been shown to be greater compared to the 
other urban sites, although the magnitude of intra-urban differences is less than 1 hPa. 
A minimal increase in e of approximately 1 hPa occurred after sunset at all urban 
sites, before stabilising at midnight and remaining constant until 2.5 hrs after sunrise. 
Vapour pressures at OR, CBD and HDB then decrease slightly but mean e at LRR is 
observed to decline at a slower rate. 
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Variations of e at the rural site were larger (≈ 2 hPa) compared to urban areas, 
with peak humidities attained at 0900 hrs followed by a gradual decline thereafter 
until minimum e was observed at sunrise. This decline, in conjunction with calmer 
nocturnal local climate conditions at the rural site, could signify the formation of a 
rural vapour inversion as surface evapotranspiration exceeds moisture loss to the 





































































Figure 5.1: Diurnal variation of annual mean vapour pressure (e) at Orchard Road (OR), 
Central Business District (CBD), Housing Development Board (HDB), Low rise residential 
(LRR) and rural station from March 2003 to March 2004. 
 
Mean vapour pressure differences between urban and rural sites (∆eu-r) are 
presented in Figure 5.2. This illustrates the Urban Moisture Excess (UME) measured 
at all urban sites, which occurs when ∆eu-r is greater than zero. A weak mean UME of 
between 0.1 – 0.25 hPa is detected at two stations (OR and LRR) from 0300 – 0600 
hrs. This UME peaks at sunrise before dissipating immediately after. Conversely, a 
mean urban moisture deficit is seen at all sites for the daytime period, and also at all 







































































Figure 5.2: Diurnal variation of mean ∆eu-r for all stations from March 2003 – March 2004.  
 
Nocturnal ∆eu-r for each month was averaged and presented in Figure 5.3, with 
error bars representing the standard deviation of mean monthly ∆eu-r. A positive mean 
UME is infrequently documented for most months, with magnitudes generally 
observed to be below zero. Mean ∆eu-r was relatively constant for all stations but a 
general decline occurred during the Pre-NE season to a minimum of approximately 
0.1 hPa for all sites. There was a slight increase in mean ∆eu-r from the NE season 
towards the end of the observation period. Peak mean monthly ∆eu-r occurs at OR in 
the Pre-SW season (0.9 hPa in March 2004), with relatively a large standard deviation 
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NE
Figure 5.3: Mean monthly ∆eu-r data (with standard deviation) for all hours of the nocturnal 
period for 4 urban stations.  (Note: No HDB and LRR data from Mar – May 2003). 
 
Several trends are observed when daily maximum UME (UMEMAX) during the 
nocturnal period at all sites was averaged and plotted monthly in Figure 5.4. 
Magnitudes of mean nocturnal UMEMAX at all sites were less than 2 hPa for most 
months except in March 2004 at OR. There is little monthly difference found between 
UMEMAX at OR, CBD and HDB, but slightly higher magnitude of monthly UMEMAX 
of about 0.5 hPa was consistently documented at LRR for most of the observation 
period. Peak monthly UMEMAX occurred in the Pre-SW month of March (1.5 – 2.5 
hPa), with a secondary peak during the SW season of between 1 – 1.4 hPa. Low 
values of mean monthly UMEMAX were observed at the start of the SW season in 








































Figure 5.4: Mean monthly nocturnal UMEMAX data for all weather conditions from 4 urban 
stations (Note: No HDB and LRR data from Mar – May 2003). 
 
The observations illustrated that the UME phenomenon did not occur as 
readily as the UHI. When it is observed usually a few hours before sunrise, mean 
UME magnitudes are very small (0.1 – 0.3 hPa). These values are significantly lower 
compared to mean UME found in during the summer months in temperate climate 
cities [e.g. 1.3 – 3.0 hPa in Göteborg (Holmer and Eliasson, 1999), 0.9 hPa in London 
(Lee, 1991), 3.5 – 4.3 hPa in Szeged (Unger, 1999), and 0.9 hPa in Belgrade 
(Unkaševic et al., 2001)]. Magnitudes of mean UME documented in Singapore are 
also smaller compared to findings of studies in other tropical cities [e.g. 1.8 – 3 hPa in 
Mexico City (Jauregui and Tejeda, 1997), and 3 – 5.9 hPa in Pune (Deosthali, 2000)]. 
However, a finding in this thesis that is similar to other studies is that larger UME 
values are associated with areas with larger UHI magnitudes (i.e. OR and LRR). The 
dynamics of UME development, with UME values increasing throughout the night 
and peaking close to sunrise, are also similar to observations in Mexico City (Jauregui 
and Tejeda, 1997).  
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 5.1.2: Relationship Between UME and UHI 
 It has been suggested that increases in nocturnal urban vapour pressure are 
partly due to weak urban evaporation caused by the UHI (Chandler, 1967; Hage, 
1975). The slight increase in urban e observed at all sites after sunset indicates that 
this could be a factor (Figure 5.1), since the higher mean urban temperatures observed 
at all sites potentially resulted in greater evaporation. This would imply that the UME 
is largely a consequence of the UHI.  
 
The UME could be partly due to condensation from rural dewfall at sunrise, 
which can be seen when minimum values of mean diurnal vapour pressure are 
observed at dawn (Figure 5.1). This dewfall removes moisture from the atmosphere to 
the rural surface, and operates simultaneously with urban evaporation to accentuate 
magnitudes of the UME. 
 
 Other possible causes for the UME could be anthropogenic emissions of 
vapour into the atmosphere (i.e. domestic burning, air conditioning, vehicle usage) 
(Holmer and Eliasson, 1999), or from advection of moist air from nearby water bodies 
(Unger, 1999). These two factors could explain the higher UME observed at LRR, 
which is about 1.5 km from the coast, compared to OR. As the LRR has a residential 
function, such emissions of moisture into the atmosphere mentioned above could 
continue throughout the nocturnal period.  
 
However, the general absence of a nocturnal UME is contrary to observations 
found in other cities, and is difficult to explain. It could be that the relatively large 
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amounts of vegetation planted and managed throughout urban areas in Singapore 
potentially minimises differences in humidity fields between urban and rural sites. 
However, more study is required to determine this lack of an observed UME.  
 
It has also been suggested that the UME could also have some impact on the 
UHI through radiative forcing of a more humid urban boundary layer (e.g. Holmer 
and Eliasson, 1999). A significant statistical correlation, (R2) of 0.5 – 0.835 between 
mean UHI and mean UME intensities was observed by Lee (1991), Holmer and 
Eliasson (1999), and Unkaševic et al. (2001). No such relationship was observed in 
the Singapore data. Instead, there is a random distribution of data points with 
regression analysis showing very low correlation (Figures 5.5). It appears that there is 
no impact of humidity on the UHI in Singapore unlike in the temperate cities 


























































































5.2: Precipitation Impacts on UHI 
 
The high levels of precipitation observed in Singapore have two distinct 
moisture impacts on the UHI. First, differences between urban and rural temperature 
are equalised during rainfall events (Nieuwolt, 1966), and the subsequent moisture 
that does not immediately evaporate, infiltrate or runoff remains as surface wetness in 
urban areas. The location and magnitude of rainfall does affect urban and rural 
temperature cooling rates. Second, rainfall in rural areas increases soil moisture 
through infiltration and affects rural thermal admittance. If the surface soils are 
compacted or waterlogged, surface pools of water could also occur and retard rates of 
rural cooling.   
 
Surface and soil moisture have previously been cited as key factors in 
controlling UHI intensity and dynamics (Oke et al., 1991; Imamura, 1993; Runnalls 
and Oke, 2000). However, no documented work in quantitative estimation of their 
impacts has been found from either temperate or tropical cities. Therefore, this section 
relates and discusses precipitation impacts on UHI intensity and development.  
 
5.2.1: Rainfall and Surface Wetness Impacts on UHI 
In this thesis, rainfall and surface wetness impacts are examined via two 
methods. First, by relating precipitation intensities over a 24 hr period to observed 
UHI intensity and temperature cooling rates. Second, by analysing the location of 
precipitation in relation to documented UHI intensity (e.g. rainfall documented at an 
urban station but not at the rural site etc.).  
 
 For the first method, all observation days have been divided into dry days (i.e. 
no rainfall detected at any station for the 24 hr period preceding the observation), and 
rain days. The latter category was further divided into days that experienced light rain 
(i.e. 0.1 – 10 mm of rain at urban and rural stations for the 24 hr period), and heavy 
rain (i.e. observed 24 hr cumulative urban and rural rainfall greater than 10 mm), 
using rainfall data from the rural station and MSS sites listed in Chapter 3.4. A total of 
109 dry days, 114 light rain days and 152 heavy rain days were obtained (Table 5.1). 
It is notable that most heavy rain days occurred during the NE season, while most dry 
days were observed in the SW season. An analysis of the frequency of diurnal rainfall 
during the observation period shows that most precipitation occurs during the day, 
especially during the afternoon and early evening (Table 5.2). 
 
Table 5.1: Total of dry, light and heavy rainfall days observed at all stations 
 
Season/Month Dry  Light Rain  
(0 – 10 mm/day) 
Heavy Rain  
(> 10 mm/day) 
March 2003 15 7 9 
April 2003 - 3 5 
March 2004 0 13 18 
Pre-SW Total 15 23 32 
 
May 2003 14 10 7 
June 2003 13 10 7 
July 2003 9 11 11 
August 2003 10 9 12 
SW Total 46 40 37 
 
September 2003 8 10 12 
October 2003 8 7 16 
Pre-NE Total 16 17 28 
 
November 2003 2 11 17 
December 2003 2 9 20 
January 2004 9 10 12 
February 2004 19 4 6 
NE Total 32 34 55 
 




Table 5.2: Frequency of diurnal rainfall during the observation period 
 
Season/Month 0000 – 0600 hrs  0600 – 1200 hrs 1200 – 1800 hrs 1800 – 0000 hrs 
March 2003 3 3 13 4 
April 2003 7 5 24 13 
March 2004 9 8 25 13 
Pre-SW Total 
 
19 16 62 30 
May 2003 3 8 10 3 
June 2003 2 7 12 2 
July 2003 5 10 16 9 
August 2003 7 13 11 8 
SW Total 
 
17 38 49 22 
September 2003 6 8 15 4 
October 2003 11 12 17 5 
Pre-NE Total 
 
17 20 32 9 
November 2003 8 10 23 5 
December 2003 3 11 23 10 
January 2004 9 8 16 11 
February 2004 0 1 10 3 
NE Total 
 
20 30 72 29 
Total 73 104 215 90 
NB: Rainstorms that exceed two periods in duration are double-counted (e.g. a storm lasting from 0000 
– 1200 hrs is counted in both categories). 
 
Average UHI values were then calculated for each category and plotted 
separately for the 2 city stations (OR and CBD) in Figure 5.6 and the two residential 
stations (HDB and LRR) in Figure 5.7. As far as can be ascertained, no previous study 

































































OR dry CBD dry
OR light rain CBD light rain
OR heavy rain CBD heavy rain
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HDB dry LRR dry
HDB light rain LRR light rain
HDB heavy rain LRR heavy rain
sunrisesunset
Figure 5.7 s during 
different rainfall intensity conditions from March 2003 – March 2004. 
 
Mean UHI intensity and UHIMAX were observed to be highest for all stations 
on dry days, followed by light rain days and heavy rain days (Figure 5.6 – 5.7). UHI 
intensities at all sites increased slightly throughout the nocturnal period on dry days, 
with mean UHIMAX occurring at sunrise. However, UHIMAX occurred earlier during 
: Diurnal variation of mean UHI for residential (HDB and LRR) station
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both rain day categories. Mean UHIMAX occurred 1 – 2 hrs after sunset for both light 
and heavy rain days at OR, but this was observed around midnight at CBD, HDB and 
LRR instead. As most dry days are documented during the SW season, it could be 
inferred that maximum UHI intensities which occurred at sunrise were more frequent 
during the months of May – August. A small secondary peak at sunrise was also seen 
for all sites under heavy rain conditions, which could indicate the presence of rural 
dewfall which resulted in slower rates of warming at rural areas. 
he HDB area to a greater 
extent as compared to the relatively impermeable LRR site.  
 
The mean UHI at HDB under dry conditions is similar in magnitude with LRR 
UHI, but rainfall is observed to have a greater impact on the HDB UHI. This is seen 
in the larger drops in mean UHI intensity and UHIMAX observed at HDB relative to 
LRR under different rainfall conditions (Figure 5.7). A probable reason could be the 
larger amounts of green space found at the HDB site as indicated by the relatively 
higher V.I. observed. Rainfall either infiltrates into the exposed soil or green space, or 
remains as surface wetness, and subsequently increases µ of t
 
Rainfall intensity impacts on the UHI development were also investigated 
through the analysis of mean hourly ∆T/∆t for one urban site (OR) and the rural 
station below (Figure 5.8). Higher rates of rural cooling with a peak of 1.4 ˚C h-1 
occurred during dry days. During light rain days, mean rural cooling rates were 
reduced, with two peaks in cooling – a minor peak in the late afternoon (0.8 ˚C h-1), 
and a larger one immediately after sunset (1.2 ˚C h-1). Rural cooling rates were 
generally lowest during heavy rain conditions, with peak cooling rates (1 ˚C h-1) 
occurring in the late afternoon 2 – 3 hrs before sunset. This is a reflection on the large 
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proportion of rainfall events occurring during this time frame (Table 5.2). Dry 
conditions also result in higher rates of rural cooling for a longer duration at night, 
with cooling rates only stabilising 4 hrs after sunset, as compared to 2 hrs after sunset 
in heavy rain and 3 hrs after sunset in light rain. Slightly quicker rates of rural cooling 
at sunrise under heavy rainfall conditions were also documented. This could indicate 
either greater amounts of dewfall on the rural surface, or the presence of a fog. This 
inhibits rural warming, as a greater amount of radiation energy is needed to evaporate 
the dew or fog instead of directly heating the rural surface. This thus leads to a 















































































Figure 8: Diurnal variation of mean hourly ∆T t rates for OR and rural sites during different 




Rates of mean urban ∆T/∆t in relation to different rainfall conditions were 
observed to be similar to mean rural cooling rates. Higher rates of OR cooling also 
occurred in dry conditions, followed by those found in light rain and heavy rain days. 
Another similarity was that peak cooling rates during dry days (0.5 ˚C h-1) were 
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highest, followed by those observed in light rain days (0.4 ˚C h-1), and finally those 
seen during heavy rain days (0.1 ˚C h-1). The dynamics of the urban cooling rates 
varied under different rainfall intensity conditions. There were two urban cooling 
peaks seen in dry days – 1 hr before and 2 hrs after sunset. This was followed by a 
decline in cooling rate until it stabilised at a rate of 0.2 ˚C h-1 at 2100 hrs. For both 
rain day categories, peak cooling rate was documented about 2 hrs before sunset 
instead. Urban cooling rates in light rainfall conditions were similar to dry conditions 
and decreased gradually after sunset and stabilise by 2030 hrs. However, dynamics of 
urban cooling under heavy rainfall conditions significantly differed, with negligible 
magnitudes of cooling observed from sunset to midnight. A notable increase in urban 
cooling under heavy rainfall conditions was also observed at sunrise, which could be 
possibly due to the wet urban surface present at this time.   
. The OR UHI under different rain location conditions was thus plotted 





 The second method of precipitation impact analysis was to separate the data 
according to rainfall location. T from OR and rural sites were classified into days 
when precipitation occurred (i) at the rural site only (52 days),  (ii) at the OR station 
only (51 days), (iii) at OR and rural sites simultaneously (154 days), and (iv) when no 
rainfall occurred at both OR and rural sites (126 days) (Table 5.3).  It is again notable 
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SW Total 49 17 15 42 
 
eptember 2003 11 4 8 7 
Pre-NE Total 19 7 13 22 
 
ovember 2003 4 4 4 18 
December 2003 5 4 5 17 
anuary 2004 11 2 4 14 
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Figure 5.9: Diurnal variation of mean UHI for OR during different rainfall location days from 
March 2003 - 2004. 
 
Differential rainfall between urban and rural locations appears to have some 
impact on mean UHI intensity. Surprisingly, peak UHI was largest when rainfall is 
detected only in the rural area (4.1 ˚C), followed by dry conditions at the urban and 
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rural location (3.9 ˚C), rainfall in urban areas only (3.8 ˚C), and precipitation at both 
urban and rural locations (3.7 ˚C). However, differences in peak UHI magnitude 
between conditions were relatively small (0.2 – 0.5 ˚C). UHI development under 
different precipitation locations was also affected as seen by the shape of the UHI 
curves in Figure 5.9, with earlier peaks documented when rainfall occurs at the rural 
site only, or when rainfall is detected at both locations simultaneously. Earlier mean 
UHI development from 1300 hrs was also documented for both these categories. In 
contrast, the commencement of mean UHI in dry conditions, and under conditions of 
detected urban precipitation, occurred approximately two hours later, with peak UHI 
in both these conditions occurring close to midnight instead. A pronounced secondary 
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 The hourly urban (OR) and rural ∆T/∆t rates for the above precipitation 
location categories are shown in Figure 5.10. The magnitudes and dynamics of OR 
and rural cooling for dry conditions, and for combined rain locations, were similar to 
that of dry and heavy rainfall intensity conditions seen in Figure 5.8. This implies that 
rainfall intensities were significantly higher when it was observed at both urban and 
rural sites. A notable difference is seen between rates of rural ∆T/∆t during rural 
rainfall and urban rainfall conditions. While peak rates of rural cooling were similar 
for both categories (1.2 ˚C h-1), the timing of this peak differed with the rural cooling 
peak oc
, but not rain-bearing clouds could be present 
bove the OR site simultaneously during the rural rainfall event and would retard OR 
 
curring after sunset as opposed to before sunset under conditions of rural rain.  
 
An interesting observation from Figure 5.10 was that OR cooling under rural 
rainfall conditions occurred at slower rates immediately after sunset when compared 
to those observed under dry conditions, with a peak difference of about 0.15 ˚C h-1 at 
1930 hrs. This, coupled with the relatively high rates of rural cooling, would explain 
why mean UHI under conditions of rural rainfall has a higher and earlier peak. While 
the precise mechanism for this difference remains unknown, it can be speculated that 
cloud cover is a possible reason. Thick
a
cooling rates around and after sunset.  
5.2.2: Discussion of Rainfall Impacts on Cooling Rates 
These differences can be largely explained by different responses of urban and 
rural areas to rainfall. In urban areas, increased surface wetness from precipitation 
results in a higher latent heat flux and with less sensible heat stored in the urban 
fabric. Since the majority of rainfall occurs during the day for all seasons especially 
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from 1200 – 1800 hrs (Table 5.2), late afternoon heating of the canopy layer air (i.e. 
steady state conditions for UHI development) will also be disrupted, resulting in 
relatively less ground heat storage and consequently lower rates of urban ∆T/∆t 
around sunset. As most urban areas in Singapore generally have quicker runoff rates 
due to efficient drainage from numerous urban channels, these impacts are probably 
limited in duration. However, the low urban ∆T/∆t seen in heavy rain conditions 
(Figure 5.8) suggests that enough surface moisture remains in urban areas to 
significantly retard cooling rates for long periods after a large rainfall event. Lower 
urban cooling rates could also be due to possible funnelling effects of the urban 
canyon that increase evaporative cooling and thus potentially reduce urban cooling 
rates be
tensities found during the 
rier SW season. This inverse relationship between rural soil moisture and heat island 
tensit
tween sites depending on the site wind speed conditions.  
 
Changes in rural cooling under different surface wetness conditions are 
strongly related to variations of µrural. Wetter conditions will inevitably result in 
higher soil moisture content due to infiltration, and subsequently higher magnitudes of 
µrural are observed. This could be important at the rural site where the Lokyang soils 
tend to have impeded drainage which often results in waterlogging of the rural 
surface. Therefore, lower rates of rural cooling occur during the rainy conditions 
(Figure 5.8 and 5.10). On the other hand, lower values of µrural during dry conditions 
result in greater rates of nocturnal rural temperature changes, leading to higher UHI 
magnitudes. A consequence of this are the higher UHI in
d
in y in tropical cities was noted by Oke et al. (1991).  
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 In summary, UHI magnitudes are generally found to be higher during dry 
antecedent conditions prior to observations, and on average, the UHI increases in 
magnitude throughout the nocturnal period with peak UHI intensity observed close to 
sunrise. Higher rainfall intensities result in generally lower UHI intensities and earlier 
UHI peaks usually a few hours after sunset, followed by a gradual decline or no 
hange in UHI intensity throughout the night. Rainfall location is also a factor in 
days into this 
study period. This feature can be explained by the gradual decrease in µrural leading to 
the dry condition UHI dynamics (Figure 5.9), where peak diurnal UHI occurring close 
to sunrise having been established by the end of this case study period.  
c
lowering UHI magnitudes, with higher OR UHI and an earlier peak observed under 
conditions of rainfall at the rural site only as opposed to dry conditions.   
 
 A case study of the impact of rural soil moisture on the timing of the UHI peak 
is illustrated in Figure 5.11. It shows the OR UHI in a unique period during the SW 
season (14 May – 25 May) in which no rainfall was recorded from the urban and rural 
stations. This dry period followed a 14 day period of high rainfall (72.8 mm at OR site 
and 281 mm at the rural site). Examination of secondary wind and cloud conditions 
during this period also showed that generally clear and calm nocturnal conditions. 
During this 11 day drying period there was a continuous decrease in soil and surface 
moisture, and a distinct change can be observed in the timing of the UHIMAX from 
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Figure 5.11: OR UHI from 14 May – 25 May 2003 which is a dry period following a wet period. 
Note the gradual change in timing of diurnal peak UHI from soon after sunset to pre-sunrise. 
 
 
5.2.3: Soil Moisture and UHI 
Results in the previous chapter have shown that variations of rural temperature 
are important in UHI development, and while a link exists between soil moisture and 
rural thermal admittance, studies on how soil moisture levels affect surface 
temperatures and/or near-surface air temperature are not readily found. Thus, 
examination of possible soil moisture and rural temperature relationships is attempted 
in this section. Soil volumetric water content (representing the top 30 cm of soil) was 
measured at the rural site between September 2003 to March 2004. Unfortunately, no 
data was available for the Pre-SW and SW seasons.  
 
The measurements show that the top layer of soil was about 40% saturated, 
with little absolute variation (5%) in mean soil moisture content throughout the 
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observation period (Figure 5.12). The high soil water content reflected the 
characteristically impeded drainage of this particular rural soil. The low variation in 
soil moisture during the observation period illustrated the high annual rainfall regime 
at the site. A gradual decrease in soil moisture was observed during the period, with a 
minimum mean value of 37% observed in February, when monthly rainfall was 
lowest, before rising by about 2% in March. The maximum and minimum soil 
moisture content values also followed this trend, although maximum soil moisture 
peaked during December (NE season) which is characterised by heavy rainfall. It is 
significant that highest monthly soil moisture values observed in December 
correspond with lower UHI intensities documented, which illustrates the link 





































Figure 5.12: Mean, maximum and minimum soil volumetric water content from the rural site 



























































































Figure 5.13: Diurnal variation of mean soil volumetric water content and temperature at 
the rural site (September 2003 – March 2004). 
 
Soil moisture was shown to be inversely related to rural air temperature in 
Figure 5.13. The diurnal variation of mean soil moisture was however, small (≈ 1.3 
%), with larger values which peaked at night. After sunrise, soil moisture gradually 
decreased to a noon minimum before increasing towards the nocturnal peak at dawn. 
This implied the possibility that higher daytime rural temperatures increased 
evaporation, leading to the lower soil moisture observed. The soil moisture peak at 
sunrise could also have been due to the presence of dewfall observed at that time. The 
strong inverse relationship between soil moisture and air temperature is displayed as a 
hysteresis loop shown in Figure 5.14. This link could be further explored by flux 
measurements of QH and QE to examine the impact that rural soil moisture has on the 
rural surface energy balance. 
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Figure 5.14: Temperature – soil moisture relationship at rural site. 
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6.1: Summary  
 
The major findings of this present thesis are summarised below and arranged 
to answer the two objectives listed in Chapter 1: 
 
(1)  The observation of the canopy-level UHI of Singapore, and the analysis of its 
temporal dynamics over the period of one year. 
 
(i) The UHI of Singapore is essentially a nocturnal phenomenon. Mean UHI of 
about 3 – 4 ˚C were documented for commercial (OR), CBD, HDB and low-
rise residential (LRR) sites respectively. The mean and maximum UHI at OR 
was the largest in magnitude, followed by LRR, CBD and HDB. Maximum 
UHI intensity measured was 7 ˚C in the commercial (OR) site during 
conditions of relatively clear and calm weather during the Southwest monsoon 
season (May – August). This is approximately 2 ˚C higher than previously 
observed (MSS, 1986; Goh and Chang, 1998). Maximum UHI observed at the 
other sites ranged from 0.5 ˚C (LRR) to 1 ˚C (CBD and HDB) lower in 
magnitude.  
 
(ii) The high UHI measured at LRR is surprising given that it has the highest ΨS of 
all sites, which is contrary to the documented inverse linear relationship 
between ΨS and UHI (Oke, 1981). The lower UHIs found at the CBD and 
HDB stations could be due to differences in surface morphology such as 
higher amounts of green space or by increased coastal wind. Although there 
were problems with the secondary wind and cloud data, increased wind-speeds 
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and cloud cover generally result in lower UHI intensities, similar to 
observations from other studies (e.g. Eliasson, 1996b; Figuerola and Mazzeo, 
1998). 
 
(iii) Data analysis for the entire observation period showed that mean diurnal OR 
UHI intensity generally peaked in the early evening, about 1 – 2 hours after 
sunset. On the other hand, peak diurnal UHI at the LRR, CBD and HDB sites 
for the study duration were generally observed close to midnight. A very small 
but systematic secondary UHI peak was also observed close to sunrise at all 
stations. Maximum monthly UHIs at all sites generally were observed 1 – 3 
hrs after sunset. The UHI is shown to be the result of rapid rural cooling vs. 
slower urban cooling immediately before and after sunset. These urban and 
rural areas eventually cooled at similar rates at approximately 2200 hrs and 
remained stable for the remainder of the night.  
 
(iv) Seasonal variations in UHI magnitude exist. Mean monthly UHIs were 
observed to be greater in magnitude at all sites during the drier Southwest 
monsoon, followed by the inter-monsoon periods, and were lowest at all 
stations during the wetter Northeast monsoon season. These variations are 
similar to previous seasonal observations of the Singapore UHI (MSS, 1986; 






(2)  The evaluation of the role of moisture on UHI intensity and dynamics. 
 
(i) There is no significant UME and it occurs infrequently, both diurnally and 
seasonally. No correlation between UME and UHI was found, which is 
contrary to findings from several temperate cities (e.g. Lee, 1991; Holmer and 
Eliasson, 1999). If this phenomenon is also observed in other low-tropical 
cities (pending further research), perhaps this could be termed “Urban 
Moisture Deficit” instead. 
 
(ii) Precipitation (which affects levels of surface and soil moisture) has several 
impacts on the magnitude and dynamics of UHI. Dry conditions for a 24 hr 
period prior to the observation generally led to larger diurnal UHI magnitudes 
observed, and low or high intensity rainfall conditions resulted in lower 
observed mean UHI. Variations of rural soil moisture and thermal admittance 
are key reasons for this inverse relationship between UHI intensity and 
precipitation (i.e. Oke et al., 1991). This is similar to results from several other 
tropical UHI studies (e.g. Adebayo, 1987; Jauregui 1997). Dry condition UHIs 
at all sites generally peaked close to sunrise, while light and heavy rain 
condition UHIs usually peaked before midnight at all sites, with a small 
secondary UHI peak also occurring close to sunrise. The magnitude and 
timing of maximum urban and rural cooling rates are also affected by 
precipitation amounts. Maximum rates of cooling were lower in urban and 
rural areas before sunset under heavy rainfall intensities, as opposed to larger 
maximum cooling rates after sunset for light rain intensities and dry 
conditions. 
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 (iii) The location of rainfall can be a significant factor on UHI development. Peak 
diurnal UHI was usually largest when precipitation falls only in the rural area, 
followed by dry conditions at the urban and rural location, urban precipitation 
only, and rainfall at both locations. The range of this difference is relatively 
small (≈ 0.5 ˚C). Cooling rate analysis shows that urban areas, immediately 
after sunset, cooled at slower rates during conditions of rural rainfall as 
opposed to dry conditions at both locations. A possible reason could be higher 
amounts of cloud cover at the urban site occurring simultaneously with rural 
precipitation. 
 
(iv) Soil moisture content was shown to have a strong inverse relationship to 
observed diurnal and seasonal rural temperatures. A hysteresis loop between 
these variables was also documented for the observation period between 
September 2003 – March 2004. 
 
6.2: Possible Avenues of Further Study 
 
 While this thesis examines several aspects of the Singapore UHI, there are still 
possibilities for further study of this phenomenon. Differences in surface morphology, 
especially that of green spaces (e.g. park space and other managed vegetation), can 
result in relatively lower UHI intensities as noted at the HDB site. This effect has 
already been noted in several studies in other cities (e.g. Jauregui 1990/1991; 
Spronken-Smith and Oke, 1998), and in Singapore as well (Toh, 1990; Wong et al., 
2003). A possible future study is to measure the spatial variability of intra-urban 
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temperatures at several locations (e.g. HDB estates, industrial areas) and relate the 
results to the quantity of green space, or to a vegetation index similar to the one used 
by Toh (1990).  
 
Alternatively, the first objective of this thesis can be repeated but with 
automobile traverses over urban and rural areas instead of fixed sites. While it is 
practically impossible to have continuous traverses for yearly basis, perhaps hourly 
traverses during selected week-long periods in the four seasons could be done instead. 
As traverses measure a different class of UHI from fixed sites (Oke 1995), the results 
would make for an interesting comparison with data from the present thesis. 
 
Another possible study is to examine the impact of the land and sea breeze on 
the temperature regimes of coastal areas in Singapore. The lower UHIs observed at 
the CBD site could be partly due to the influence of the land/sea breeze, and possible 
stations can be established in selected coastal residential or industrial areas to 
document wind speed and canopy-level temperature.  
 
 Lastly, other possible mechanisms that possibly impact on UHI could be 
examined in closer detail. For example, a study could be done on quantifying vehicle 
and pedestrian movement in OR and CBD to intra-urban UHI data and analysing the 
impact of such variables on different time-scales (e.g. daily, weekday/weekend, 
monthly etc.). Or, as noted at the end of the previous chapter, a more detailed study on 
soil moisture and the impact on the rural surface energy balance and UHI could also 





 While some of the results from this thesis confirm observations made in 
studies from other tropical cities, several new findings have been found about the 
spatial and temporal aspects of the equatorial/low tropical UHI of Singapore vs. other 
temperate and tropical studies. This thesis has also documented that moisture 
(specifically vapour pressure, precipitation intensity and location, and soil moisture) 
has different impacts on UHI intensity and dynamics. A detailed summary of these 
findings can be found in this first section of this chapter.  
 
 The data can also be usefully applied in practical applications such as the 
modelling of the UHI in tropical cities. Alternatively, results from this thesis can be 
applied for the purposes of education (e.g. by illustrating that the rapid urban growth 
of Singapore has led to changes in the thermal climate of the island), or in aiding the 
design of various urban landscapes (e.g. the possibility of coastal high-rise HDB flats 
impeding the land/sea breeze from inland areas). Another interesting application of 
this data is for the purpose of mosquito control. Rates of development of mosquito 
larvae such as the Dengue fever carrier Aedes aegypti have been shown to increase 
with higher temperatures, resulting in early pupation and metamorphosis (Clements, 
1992). This data could thus be useful to governmental agencies such as the National 
Environmental Agency (NEA) in mapping potential danger zones in residential areas, 
or in correlating results from this thesis with existing Dengue fever data for vector 
studies of disease movement.  
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In conclusion, the final words of this thesis should belong to the doyen of 
urban climatology, Helmut Landsberg (1981), who stresses this importance of 
applying the knowledge gained from academic work on urban climates: 
 
The knowledge we have acquired about urban climates should not 
remain an academic exercise…It should be applied to the design of 
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A1: Programming Instructions for Urban Stations  
 
 The OR, CBD, HDB and LRR stations used a similar data collection program 
and equipment set-up. The connection leads of the HMP45A/C and 034B sensors 
were linked to the CR510 datalogger in the manner below (Table A1).  
 
Table A1: Instrument wiring at the urban stations 
Instrument Signal Lead CR510 Connection location 
Yellow (Temperature) 2H 
Blue (Relative humidity) 1L 
Red (Power) 12V 
Orange (Power control)   C1 
Clear (Shield) G 
Black (Power ground) AG 
HMP45A/C 
Purple (Signal reference) AG 
 
Green (Direction signal) 1H 
White (Direction ground) AG 
Blue (Excitation for direction) E1 
Black (Speed ground) G 
Clear (Shield ground) G 
034B 
Red (Speed signal) P1 
  
 The datalogger is powered by a 12 V DC external battery, and is connected to 
a laptop computer via a SC32A box adaptor during data collection. The internal clock 
of all loggers was standardised with the laptop time for synchronisation. Each climate 
parameter was sampled once every 10 seconds, and the 20 minute average of each 
sampled parameter was stored for final output. The details of the program can be seen 
in Table A2.  








P 10 External battery voltage 1 
1 1 Output location in *6 (display) mode 
 
P 17 Panel temperature 2 
1 9 Output location in *6 (display) mode 
 
86 Do 3 P 
2 41 Set Port 1 high 
 
22 Excitation with delay 4 P 
1 1 Excitation channel number 
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 0 Delay time (0.01 s) 
15 Delay after excitation (0.01 s) 
2 
3 
4 0 Excitation voltage (mV) 
1 Single-ended voltage 
1 Repetitions 
5 2500 mV slow range 
3 SE channel 










- 40  Offset 
 
1 Single-ended voltage 
1 Repetitions 
5 2500 mV slow range 
2 SE channel 








6 0 Offset 
 
86 Do 7 P 
1 51 Set port 1 low 
 
56 Saturation vapour pressure 
2 Location of base temperature 
8 P 
1 
2 4 Output location in *6 (display) mode 
 
36 Z = X*Y 
4 X location 




3 5 Z location in *6 (display) mode 
 
37 Z = X*F 





3 8 Z location in *6 (display) mode 
 
3 Pulse count 
1 Repetitions  
1 Pulse Channel 1 
22 Switch closure, output in Hz 








6 0.2811 Offset 
 
89 If X compared to F 
6 X location 






4 30 Then do 
 
30 Z = F 
0 F 




3 6 Z location in *6 (display) mode 
 
14 P 95 End 
 




2 5 2500 mV slow range 
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1 SE channel 
1 Excitation channel number 
2 Delay (units 0.01 s) 
2500 MV excitation 








9 0.0 Offset 
 
89 If X compared to F 
7 X location 






4 30 Then do 
 
30 Z = F 
0 F 




3 7 Z location in *6 (display) mode 
 
18 P 95 End 
 
92 If time is 





3 10 Set output flag high 
 
77 Real time 20 P 






2 2 Starting input location number 
 
 The final output parameters that are recorded in the datalogger are listed in 
table A3.  
Table A3: Climate parameters measured at urban stations
Climate Parameter (Unit) Input/Output location in Datalogger 
Air temperature (˚C) 2 
 
Relative humidity (%) 8 
 
Vapour pressure (kPa) 5 
 
Saturation vapour pressure (kPa) 4 
 
Wind speed (ms-1) 6 
 
Wind direction (degrees) 7 
 
Panel temperature of datalogger (˚C) 9 
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A2: Programming Instructions for Rural Station  
 
 A CR10X datalogger is connected to a HMP45A/C temperature and relative 
humidity sensor, a 014B wind-speed sensor, a 024A wind direction sensor, a Q7.1* 
net radiometer, a TB4 rain gauge and a CR615 soil moisture sensor. The lead 
connections to the datalogger are listed in Table A4 and the program for the LCK 
station is shown in Table A5.  
Table A4: Instrument wiring at the rural station 
Instrument Signal Lead CR10X Connection location 
Yellow (Temperature) 2H 
Blue (Relative humidity) 2L 
Red (Power) 12V 
Orange (Power control) C1 
Clear (Shield) G 
Black (Power ground) AG 
HMP45A/C 
Purple (Signal reference) AG 
 
Black (Pulse input) P1 
Clear (Ground) G 
014B  
White (Ground) G 
 
Clear (Earth ground) G 
Red (Analog output) 3H 
White (Analog ground) AG 
024 
Black (Excitation voltage) E1 
 
Clear (Ground) G 
Red (High differential output) 1H 
Black (Low differential output) 1L 
Q7.1* 
Jumper wire 1L to AG 
 
Blue/Black (Pulse output) P2 TB4 
Brown (Ground) G 
 
Red (Power) 12V 
Black (Ground) G 
Green (Output) 4H 
Orange (Enable output) C5 
CR615  
Clear (Ground) G 
 
 An external 12 V DC battery similar to those in the urban stations also 
powered the CR10X. Similar synchronisation of the datalogger with the laptop clock 
was also done at the rural station. All climate variables were also sampled at 10 
second intervals, most of which (except for rural rainfall) were stored as 20 minute 
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averages for final output. Rainfall was instead summed up into hourly totals for 
storage. 








P 10 External battery voltage 1 
1 1 Output location in *6 (display) mode 
 
P 17 Panel temperature 2 
1 9 Output location in *6 (display) mode 
 
86 Do 3 P 
1 41 Set port 1 high 
 
22 Excitation with delay 
1 Excitation channel number 
0 Delay time (0.01 s) 





4 0 Excitation voltage (mV) 
 
1 Single-ended voltage 
1 Repetitions 
5 2500 mV slow range 
3 SE channel 








6 - 40  Offset 
 
1 Single-ended voltage 
1 Repetitions 
5 2500 mV slow range 
2 SE channel 








6 0 Offset 
 
86 Do 7 P 
1 51 Set Port 1 low 
 
56 Saturation vapour pressure 
2 Location of base temperature 
8 P 
1 
2 4 Output location in *6 (display) mode 
 
36 Z = X*Y 
4 X location 






5 Z location in *6 (display) mode 
 
37 Z = X*F 





3 8 Z location in *6 (display) mode 
 




2 24 250 mV 60 Hz rejection range 
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1 Differential channel 









89 If X compared to F 
16 X location 






4 30 Then do 
 
86 Do 13 P 
1 1 Call subroutine 1 (see below)  
 
14 P 94 Else 
 
86 Do 15 P 
1 2 Call subroutine 2 (see below)  
 
16 P 95  End 
 
3 Pulse Count 
1 Repetitions 
2 Pulse channel  
22 Switch closure, output Hz 








6 0.447 Offset 
 
89 If X compared to F 
6 X location 






4 30 Then do 
 
30 Z = F 
0 F 




3 6 Output location in *6 (display) mode 
 
20 P 95 End 
 
4 Excite, delay and measure 
1 Repetitions 
14 250 mV fast range 
5 SE channel 
1 Excite all repetitions with Exchange 1 
2 Delay (units 0.01 s) 
1000 mV Excitation 











9 0 Offset 
 
3 Pulse count 
1 Repetitions 
1 Pulse channel  
2 Switch closure, all counts 






5 .254 Multiplier 
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 6 0 Offset 
 
86 Do 23 P 
1 45 Set port 5 high 
 
27 Period average (Single ended input) 
1 Repetitions 
4 200 kHz maximum frequency @ 2 V peak to 
peak, period output 
7 SE channel 
10 Number of cycles 
5 Timeout (unit = 0.01 s) 











8 0.0 Offset 
 
86 Do 25 P 




20 X location  















9 0 C5 
 
92 If time is 





3 10 Set output flag high 
 
77 Real time 28  P 






2 2 Starting input location number 
 








85 Beginning of subroutine 1 P 
1 1 Subroutine 1 
 
37 Z = X*F 





3 11 Z location 
 
37 Z = X*F 
11 X location 
3 P 
1 
2 0.066 F 
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 3 12 Z location 
 
34 Z = X+F 





3 14 Z location 
 
38 Z = X/Y 
12 X location 




3 15 Z location 
 
32 Z = Z+1 6 P 
1 15 Z location 
 
37 Z = X*F 





3 5 Z location 
 
36 Z = X*Y 
5 X location 




3 5 Z location 
 
9 P 95 End 
 
85 Beginning of subroutine 10 P 
1 2 Subroutine 2 
 
37 Z = X*F 





3 12 Z location 
 
34 Z = X+F 





3 15 Z location 
 
37 Z = X*F 





3 5 Z location 
 
36 Z = X*Y 
5 X location 




3 5 Z location 
 






The final output climate parameters for the rural site are listed in Table A6: 
Table A6: Climate parameters measured at rural station 
Climate Parameter (Unit) Input/Output location in Datalogger 
Air temperature (˚C) 2 
 
Relative humidity (%) 8 
 
Vapour pressure (kPa) 4 
 
Net all-wave radiation 5 
 
Wind speed (ms-1) 6 
 
Wind direction (degrees) 7 
 
Soil moisture volume (% fraction) 9 
 
Rainfall amount (mm) 10 
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Figure B1: Aerial Photograph of Joo Chiat – Katong District with marked location of LRR 
station (X). Note the HDB flats southeast of site that may impede the land/sea breeze circulation 
(Ministry of Defence, 2002).  
 
 
Figure B2: Aerial Photograph of Orchard Road district with marked location of OR station (X) 




Figure B3: Aerial Photograph of CBD area with marked location of CBD station (X). Note close 























Figure B8: Fish-eye lens photograph taken at rural station (SVF ratio = 0.44). 
 164
































C1: Temperature Variations Within the Rural Area 
 
Air temperatures (T) in several sites within the Lim Chu Kang (LCK) area 
were surveyed during the rural site selection. This was to examine the variation of T 
with different surface morphologies within the rural area.  
 
Four sites were selected within a 3 km2 area in the LCK area on the western 
flank of Singapore (Figure C1). The first was in a cemetery adjacent to Lim Chu Kang 
Road (Site A). The site selected was approximately 100 m away from a low-rise 
cemetery office and a 50 m2 tarmac car park. The surface was predominantly grassy, 
with isolated trees of 5 m height surrounding the site (Figure C2). Exposure at this site 
was the greatest of all areas selected. The second site was in a ≈ 100 m2 dipterocarp 
forest clearing opposite the Singapore Civil Defence Force Academy at Jalan Bahar 
(Site B). This site was about 15 m away from a major 4-lane road. Dense undergrowth 
of about 1 m height predominated this clearing (Figure C3).  
 
The remaining two sites were located within the Ministry of Defence 
(MINDEF) LCK restricted area. The third site was in another dipterocarp forest 
clearing of about 35 m2 next to a gravel track (Site C). There were abundant 3 – 5 m 
high shrubs growing beneath the forest canopy of about 10 m (Figure C4). Finally, the 
fourth site was next to the tripod at the rural site used in the dissertation (Site D).   
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Figure C2: Site A. The station was installed on the grassy surface in the foreground. Note the car 
park at the left background of the picture. 
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 Figure C3: Site B. Note the 4-lane road in the background of the site, which was placed among 
the shrubs in the foreground. 
 
 
Figure C4: Site C. The site was place in the foreground among the shrubs.  
 
 Onset HOBO temperature (T) sensors were attached to steel poles at 1 m 
height and driven into the rural surface. Each sensor was calibrated before and after 
the exercise, and little systematic error was found between sensors. The sensors were 
installed at each site from 1500 hrs LAT on 11 February 2003, to 1500 hrs LAT on 13 
February 2003. There was a light rainfall event of 2 mm that occurred between 1500 – 
1600 hrs LAT which affected all sites. T was sampled every 30 s and stored for final 
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output. The T and mean hourly ∆T/∆t data collected at all sites was plotted for 
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Sunset 11/02 Sunrise 12/02 Sunset 12/02 Sunrise 13/02
 
Figure C6: Mean hourly ∆T/∆t cooling rates for selected rural sites from 11 – 13 February 2003. 
 
The data shows that T at all four sites largely followed similar warming and 
cooling trends, with peak T occurring at noon and minimum T observed at sunrise 
(Figure C5). Diurnal range of T was between 8 – 9 ˚C. The impact of the 11 February 
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rainfall event can be seen in the relatively sharp fall in T at all sites between 1500 – 
1600 hrs, with a subsequent rise in T after the end of rainfall period. Lower 
magnitudes of nocturnal rural cooling were observed at all sites after the 11 February 
rainfall event, in contrast to larger rates of nocturnal cooling documented the 
following dry evening (Figure C6). 
 
However, T at Site A is seen to increase at a higher rate than the other sites 
(Figure C6), and warming at 11 February sunset was in contrast to the relatively rapid 
cooling observed at the other sites. Another notable difference is that slightly higher 
nocturnal and lower daytime T was documented at Site A for the duration of this 
ancillary study. Maximum nocturnal T differences between Site A with the other 
stations were approximately 1.5 ˚C between midnight and sunrise on 13 February. 
Peak ∆T/∆t (1 ˚C hr-1) at Site A were also shown to be lower than documented at the 
other sites (≈ 2 ˚C hr-1). On the other hand, relatively minor differences are noted for 
T and ∆T/∆t between Sites B, C and D. For example, the range of difference of 
nocturnal T between these sites was less than 0.5 ˚C. Observed rates of nocturnal 
cooling for these stations were mostly similar, although ∆T/∆t at Site B was seen to 
fluctuate around 0 ˚C hr-1 between midnight to sunrise of 13 February.  
 
Several reasons could explain the differences in rural variability of T. First, the 
grassy surface and lack of trees at Site A would lower rates of potential cooling from 
evapotranspiration within the vegetation cover. This could explain the lower nocturnal 
peak rates of ∆T/∆t observed at Site A. Relatively larger “urban” construction 
materials in the immediate area of the site could also be a factor. The close proximity 
of the car park could also account for the higher nocturnal T measured. However, the 
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study period was too brief to conclusively evaluate these factors. What this pilot study 
does illustrate is that removal of vegetation cover in tropical rural areas can have 
significant bearing on the temperatures measured at potential rural sites. Therefore, 
for the purposes of this present thesis, Site A was rejected as a possible site for long-
term observations, whilst rural conditions for Sites B – D were preferable as the rural 
background for this UHI study, with Site D eventually being selected for reasons of 
logistics and security of instruments. 
 
C2: Variation of Temperature with Height Within the LRR Urban Canyon 
 
 The objective of this study was to examine the variation of T with height at the 
Low Rise Residential (LRR) site along Tembeling Road. Such studies have 
previously been done in urban canyons in the city centre (e.g. Taesler, 1980; 
Nakamura and Oke, 1988), but observations in a suburban low-rise residential area 
have not been done. Thus, this study examines if lower canyon heights at LRR would 
alter lapse rates within the canyons and result in possible corrections to observations 
of T within the LRR site.  
 
 The method of this ancillary study involved using similar HOBO temperature 
sensors attached to the same lamp post (no. 11) which the urban station was mounted 
on. The sensors were placed at 3.5 m (Sensor A), 3 m (Sensor B), 2.5 m (Sensor C) 
and 2 m (Sensor D) above the surface (Figure C7). These sensors sampled T at these 
heights for a period of 7 days, from 1500 hrs LAT on 23 July, to 1500 hrs LAT on 31 
July.  
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Figure C8: Mean temperature variation between Sensors A – D from 23 July – 31 July.   
 
 172
Mean temperature was plotted in Figure C8. The results showed generally 
very little variation of T with height at the LRR site. To illustrate this, data from 
sensors B – D were contrasted with a base sensor at 2 m height (Sensor A). There was 
some variation during the day, with fluctuations between ± 0.4 ˚C, but negligible 
differences of T between sensors (≈ 0.05 ˚C) were found at night for the duration of 
the study period (Figure C9). Thus, it could be inferred from this study that lapse rates 
of T within the LRR canyon between heights of 2 – 3.5 m were negligible from sunset 
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Figure C9: Mean ∆T variation between Sensors B – D with base sensor A. Little variation in T (< 
0.1 ˚C) was seen between sensors during all nocturnal periods (Note SR – sunrise at 0600 hrs; SS 




Appendix D: Selected Primary and 
















































































































































































































































































































































































































































































































































(m) (a) March 2003 
(b) April 2003 
(c) May 2003 
(d) June 2003 
(e) July 2003 
(f) August 2003 
(g) September 2003 
(h) October 2003 
(i) November 2003 
(j) December 2003 
(k) January 2004 
(l) February 2004 
(m) March 2004 
Figure D1: Monthly 10 m wind rose diagrams from Changi (MSS) weather station. Circular axis 



































Figure D2: Mean monthly local wind speed measured at all sites. (NB: no data for HDB and LRR 
from March – May 2003 and no HDB data from February – March 2004) 
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